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Abstract
The desire for energy and resource savings brings magnesium alloys as lightweight
materials with high specific strength more and more into the focus. Most structural
components are subjected to cyclic loading. In the course of computer aided product
development, a numerical prediction of the fatigue life under these conditions must be
provided. For this reason, the mechanical properties of the considered material must
be examined in detail. Wrought magnesium semifinished products, e.g. magnesium
sheet metals, typically reveal strong basal textures and thus, the mechanical behavior
considerably differs from that of the well-established magnesium die castings. Magnesium
sheet metals reveal a distinct difference in the tensile and compressive yield stress, leading
to non-symmetric sigmoidal hysteresis loops within the elasto-plastic load range. These
unusual hysteresis shapes are caused by cyclic twinning and detwinning. Furthermore,
wrought magnesium alloys reveal pseudoelastic behavior, leading to nonlinear unloading
curves. Another interesting effect is the formation of local twin bands during compressive
loading. Nevertheless, only little information can be found on the numerical fatigue
analysis of wrought magnesium alloys up to now.
The aim of this thesis is the investigation of the mechanical properties of wrought
magnesium alloys and the development of an appropriate fatigue model. For this purpose,
twin roll cast AM50 as well as AZ31B sheet metals and extruded ME21 sheet metals
were used. Mechanical tests were carried out to present a comprehensive overview of
the quasi-static and cyclic material behavior. The microstructure was captured on sheet
metals before and after loading to evaluate the correlation between the microstructure,
the texture, and the mechanical properties. Stress- and strain-controlled loading ratios
and strain-controlled experiments with variable amplitudes were performed. Tests were
carried out along and transverse to the manufacturing direction to consider the influence
of the anisotropy. Special focus was given to sigmoidal hysteresis loops and their influence
on the fatigue life. A detailed numerical description of hysteresis loops is necessary for
numerical fatigue analyses. For this, a one-dimensional phenomenological model was
developed for elasto-plastic strain-controlled constant and variable amplitude loading.
This model consists of a three-component equation, which considers elastic, plastic,
and pseudoelastic strain components. Considering different magnesium alloys, good
correlation is reached between numerically and experimentally determined hysteresis
loops by means of different constant and variable amplitude load-time functions.
For a numerical fatigue life analysis, an energy based fatigue parameter has been developed.
It is denoted by “combined strain energy density per cycle” and consists of a summation
of the plastic strain energy density per cycle and the 25 % weighted tensile elastic strain
energy density per cycle. The weighting represents the material specific mean stress
sensitivity. Applying the energy based fatigue parameter on modeled hysteresis loops, the
fatigue life is predicted adequately for constant and variable amplitude loading including
mean strain and mean stress effects. The combined strain energy density per cycle
achieves significantly better results in comparison to conventional fatigue models such as
the Smith-Watson-Topper model. The developed phenomenological model in combination
with the combined strain energy density per cycle is able to carry out numerical fatigue
life analyses on magnesium sheet metals.
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Introduction 1
1 Introduction
1.1 Magnesium – History and Overview
Worldwide increasing environmental problems lead to a growing interest in ecological
technologies. One important approach is the reduction of environmentally damaging
carbon dioxide emissions by minimizing fuel consumption and improving energy efficiency
(e.g. [132, 152]). An effective way to reach this target is to decrease the weight of
automotive and aerospace structures. Accordingly, magnesium alloys, as one of the
structural materials with the lowest density, are well suitable due to their low density
in combination with the high specific strength [101, 113, 132]. Besides the low density,
Mordike and Ebert [113] listed other important advantages of magnesium alloys such as
good castability, weldability, machinability, and recyclability.
Magnesium is the eight most abundant element in the earth crust with a total content of
approximately two mass percent [46]. Davy firstly isolated magnesium by electrolysis in
the year 1808 [58]. In 1900 the worldwide primary production of magnesium metal was
as low as approximately ten tonnes per year [10]. Both world wars led to an enormous
growth in the primary magnesium production with a local maximum of 238,000 tonnes
per year at the end of the Second World War [41] (Fig. 1.1a). After a fall in the late
1940s, the worldwide production of magnesium grew to about 300,000 tonnes per year
in the early 1990s [41]. Due to the economic growth in China, the primary production
of magnesium rose threefoldly the last twenty years [41]. Nevertheless, the primary
production of iron and steel is with more than 109 tonnes per year approximately 1,500
times larger and that of aluminum is with 45 · 106 tonnes per year approximately 65
times larger compared to the primary production of magnesium (Fig. 1.1b) [25, 40, 41].
A large difference between the consumption of these three metals can also be recognized
1 
 
 
0
250
500
750
1,000
1920 1960 2000
pr
im
ar
y 
M
g 
pr
od
uc
tio
n 
[1
,0
00
 t
on
ne
s 
pe
r 
ye
ar
]
year
worldwide
China 101
102
103
104
105
106
1920 1960 2000
pr
im
ar
y 
pr
od
uc
tio
n
[1
,0
00
 t
on
ne
s 
pe
r 
ye
ar
]
year
iron and steel
aluminum
magnesium
(a) (b) 
Figure 1.1: (a) Primary magnesium production from 1920 up to 2012; values of the
USA, about 50,000 - 100,000 tonnes per year, are withheld and not included
since 1999; (b) comparison of the primary production of iron as well as steel,
aluminum, and magnesium; values out of [10, 21, 25, 40, 41, 84–89]
by looking at the material composition of automotive structures. The average weight of
magnesium components in European and U.S. cars is as low as approximately 5 - 6 kg
in 2007 [151]. In [30], it is reported that a weight saving of 1.5 % would increase the
2 Introduction
fuel efficiency by about 1.0 %, which is why automotive companies intend to increase the
magnesium content per car up to 160 kg until 2020.
There exists six sources with magnesite and dolomite as the most used magnesium
ores for primary magnesium production [1]. Furthermore, different processes exist to
produce pure magnesium. The Pidgeon process and the electrolytic process are the most
important ones [1]. The electrolytic process mainly used in the Western world is more
energy efficient, but the investments for the equipment are high [151]. Despite the lower
energy efficiency, magnesium production plants in China mostly use the Pidgeon process
due to its lower investment costs [1]. As China is leading in the production of magnesium,
most of the primary magnesium production is done using the Pidgeon process.
It is known that metallic lightweight materials such as magnesium or aluminum need
more energy per mass for its primary production than steel (e.g. [60]). Hence, not all
weight savings automatically reduce greenhouse gas emissions. To give an overview of
the global warming potential of different construction materials, Hasenberg [60] analyzed
the greenhouse gas emissions over the whole life cycle using the example of a spare wheel
well. Considering the actual production conditions in China, it became apparent that the
magnesium spare wheel well shows a larger global warming potential compared to the
use of other materials like steel, aluminum, or polypropylene. Nevertheless, if a recycling
process is included for the magnesium component, it reveals the lowest global warming
potential of all compared materials [60]. To produce 1 kg of primary magnesium, a
minimum of 30 - 35 kWh energy is required, whereby only 1 kWh is needed for remelting
1 kg of clean and compact magnesium scrap [42]. Recycling of magnesium is a recent
field of research, where e.g. Fechner [49] developed and compared different recycling
magnesium alloys based on the alloy AM50 with promising results like lower corrosion
rates in comparison to other recycling magnesium alloys.
1.2 Lightweight Potential of Magnesium Alloys
Table 1.1 lists the mechanical properties of typical medium strength commercial sheet
metals out of the three competing metallic materials: magnesium, aluminum, and steel.
The mentioned aluminum and steel sheets are often used for car body structures. It can
be seen clearly that the steel sheet metal has the highest mechanical properties. The
Table 1.1: Mechanical properties of different commercial sheet metals; values out of
[80, 101]
material magnesium aluminum steel
alloy AZ31-H24 5182-H24 DP-K 38/60
density ρ [kg/m3] 1,770 2,700 7,850
Young’s modulus E [GPa] 45 70 210
tensile yield stress TYS [MPa] 220 235 380
ultimate tensile strength UTS [MPa] 290 310 600
tensile elongation after fracture Atens [%] 15 8 18
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5182-H24 aluminum sheet metals reveal medium mechanical properties. Nevertheless,
AZ31-H24 magnesium sheet metals reveal similar values of the tensile yield stress TYS
and the ultimate tensile strength UTS in comparison to aluminum 5182-H24 sheet
metals. Furthermore, the tensile elongation after fracture Atens is nearly twice as much
(Table 1.1).
As seen in Table 1.1, the density ρ of magnesium is more than four times lower in
comparison to steel and approximately 35 % lower in comparison to aluminum. To
visualize the lightweight potential of magnesium sheet metals, Table 1.2 lists specific
mechanical properties of the three compared alloys based on the values listed in Table
1.1 and normalized to the values of steel. The specific tensile stiffness is nearly the same
Table 1.2: Specific mechanical properties of the sheet alloys listed in Table 1.1; normalized
to the values of the steel alloy, denoted by the index (n); determined as
described by Klein [80]
material magnesium aluminum steel
alloy AZ31-H24 5182-H24 DP-K 38/60
specific tensile yield stress (TYS / (g ρ))(n) 2.57 1.80 1.00
specific ultimate tensile strength (UTS / (g ρ))(n) 2.14 1.50 1.00
specific tensile stiffness (E / (g ρ))(n) 0.95 0.97 1.00
specific bending stiffness of plates
(
E1/3 / (g ρ)
)
(n)
2.65 2.02 1.00
in all three materials, but the specific tensile yield stress and the specific ultimate tensile
strength of magnesium are significantly higher. Nevertheless, the compressive yield stress
CYS of magnesium sheet metals, e.g. AZ31, is lower in comparison to the tensile yield
stress TYS, with at least 104 MPa [98]. In this case, the specific compressive yield stress
normalized to TYS of the steel sheet ((CYS/ (gρ))(n)) decreases to 1.21. Furthermore,
the specific bending stiffness of the magnesium alloy plates is 2.65 times greater in
comparison to that of the steel alloy. In many structural applications, especially car body
components, one of the most important load cases is bending [8]. Thus, magnesium sheet
metals reveal high potential to replace steel or aluminum plate or sheet components.
Figures 1.2a and b illustrate the weight saving potential for the bending load case using
the example of cantilever beams. Similar examples were shown in [22, 44, 46], also for
other materials. The examples, shown in Figs. 1.2a and b, reveal a rectangular cross
section with a constant width b. Beams with constant volume are shown in Fig. 1.2a with
a weight saving potential of 77 % for magnesium, caused by its low density. Nevertheless,
the maximum deflection rises by the factor 4.7. Increasing the height h of the magnesium
beam by the factor of 1.67 compared to steel, the bending stiffness of the beam will
be identical (Fig. 1.2b). In this case, the weight saved by using the magnesium beam
is 62 %.
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Figure 1.2: Comparison of different metallic materials using the example of cantilever
beams; values of wmax and h are normalized to steel, denoted by the index (n)
1.3 Production and Application of Magnesium Sheet Metals
Few years ago, most of the produced primary magnesium was used as an alloying element
in aluminum alloys, for raw iron desulfurization, and for magnesium high pressure die
casting [113, 151]. Kawalla and Engl [76] reported that only 2.5 % of the primary
magnesium was used for all wrought magnesium alloys in 2002. Thus, an even smaller
amount was used for the production of magnesium sheet metals.
Schumann and Friedrich [140] reported that the full potential of magnesium for lightweight
construction is realized above all using thin-walled sheet metals with a large surface, pri-
marily subjected to bending stresses. The large lightweight potential of magnesium sheet
metals can be used in aerospace, transportation, luggage, housings for electronic compo-
nents, and hand tools [102, 113]. A very famous historical application for magnesium
sheet metals was the B-36 bomber, which contained 5,500 kg magnesium sheet metals
[102]. However, the production of magnesium sheet metals and the subsequent forming
process were very expensive and thus, the use of magnesium sheet metals decreased after
the Second World War [24, 102].
Luo [101] listed global magnesium applications in automobiles, which are already used
by different automotive companies. Nearly all of these applications are thin-walled die
castings. The most important examples are: instrument panel carrier, seat frame, seat pan,
engine oil pan, door frame, roof frame, tailgate, and different housings. Schumann [139]
validated the lightweight potential of magnesium using different car body components.
The relevant load cases such as bending and torsion were considered to reach an equal
stiffness in comparison to the use of other alloys. Comparing a steel front hood with one
out of magnesium sheet metal, the weight can be reduced from 7.93 kg for the steel sheet
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metal to 2.66 kg for the magnesium sheet metal, resulting in a savings of weight by 66 %
[139]. Nevertheless, magnesium sheet metals are not used in large-series production in
the mainstream automobile industry in 2012 [102]. One example of an application is the
center console of the small-series Porsche Carrera [102].
Within the last decade, large progress was made in the development of processes for
the economical continuous and semi-continuous production of magnesium sheet metals.
The most promising process is the twin roll casting process [131], which is illustrated
in Fig. 1.3. Within Fig. 1.3, the machine layout of the pilot twin roll casting plant at
the Magnesium Flachprodukte GmbH in Freiberg is illustrated as described by Engl and
Kawalla [47].
The twin roll casting process is explained as follows: Liquid magnesium flows directly
from the melting furnace through a special nozzle to the twin roll casting mill (Fig.
1.3). Between the water cooled casting rolls, the liquid magnesium solidifies, resulting
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Figure 1.3: Twin roll casting process for magnesium sheet metals equal as described
in [47]
in a magnesium strip with a thickness between 4 mm and 7 mm and a width of 700 mm
[77]. Within further hot rolling steps, indicated on the right-hand side of Fig. 1.3, the
final sheet metal thickness between 0.6 mm and 1.5 mm is achieved [77]. A subsequent
annealing process leads to a homogeneous and fine grained microstructure of the sheet
metals [77]. Refer to [48] for a detailed overview of the twin roll casting process, the used
magnesium alloys, and the worldwide twin roll casting activities.
It is well known that magnesium castings reveal casting defects like pores or inclusions
(e.g. [133]). In contrast, semifinished magnesium products such as wrought sheet metals,
without typical casting defects, reveal better mechanical properties like yield strength
and fatigue resistance [109, 133].
Prototypes of magnesium sheet metals were designed and manufactured for applications
such as front hoods, inner door panels, different mounting plates, seat pans, instrument
panel carriers, and many other components (e.g. [102, 139]. Figure 1.4a shows parts of a
seat pan prototype and in Fig. 1.4b, a mounting plate for an instrument panel carrier
is illustrated. Both prototype examples were manufactured out of the magnesium alloy
ME21 by the Stolfig GmbH using a hot deep drawing process.
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Figure 1.4: Potential magnesium sheet metal applications for car body structures; (a)
parts of a seat pan; (b) mounting plate for an instrument panel carrier; alloy
ME21
1.4 Motivation and Research Objective
In sections 1.2 and 1.3, it is described that magnesium reveal a high lightweight potential.
Furthermore, large progress was made by the economical production of magnesium sheet
metals. A lot of investigations were done to design hot deep drawing processes and to
develop modified alloys for deep drawing (e.g. [161]). In this context, simulation models
and material models for deep drawing simulations were developed and tested for different
magnesium alloys (e.g. [91, 92]).
A large-series production of magnesium components requires comprehensive methods
for the virtual product development. In general, automotive structures are subjected
to cyclic loading. To design magnesium sheet components, the mechanical properties
must be known in detail. They differ considerably from those of the well-established
magnesium die castings. Magnesium sheet metals show a distinct difference in the tensile
and compressive yield stresses (e.g. [98, 121]). Furthermore, they reveal sigmoidal
stress-strain hysteresis loops at elasto-plastic cyclic loading. The fatigue life is distinctly
influenced by this peculiar stress-strain behavior. Due to the demand for cost reduction
within the design process, companies need the possibility of a numerical prediction of the
fatigue life to reduce the more expensive experimental tests. Very little information could
be found on the fatigue behavior of wrought magnesium alloys up to now, which was also
reported by Luo and Sachdev [100, 102]. Consequently, the possibility of a numerical
fatigue analysis within commercial fatigue software, considering the typical behavior of
wrought magnesium alloys, is not available.
As a conclusion of the preceding discussion, the aim of the present thesis is the investigation
of the fatigue behavior of wrought magnesium sheet metals and the development of a
method for the numerical fatigue analysis. Different alloys are considered to compare the
mechanical behavior and the fatigue life predictions between each other. Experiments are
carried out to present a comprehensive overview of the quasi-static and cyclic material
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behavior. The microstructure is captured on sheet metals before and after loading
to evaluate the correlation between the microstructure, texture, and the mechanical
properties. The whole deformation and fatigue behavior under different load conditions
are analyzed in detail. Strain-controlled and stress-controlled experiments with different
ratios and strain-controlled experiments with variable amplitudes are considered. Tests
are carried out along and transverse to the manufacturing direction to consider the
influence of the anisotropy.
Special focus is given to the sigmoidal hysteresis loops and their influence on the fatigue
life. For a numerical fatigue life analysis, different fatigue models are evaluated and
compared with experimental results. To model the sigmoidal stress-strain curves of
magnesium sheet metals, a one-dimensional phenomenological stress-strain model was
developed and is evaluated within the current work. The necessary material constants
are determined for four different alloys. This model in combination with representative
material constants and an appropriate fatigue parameter will be able to carry out
numerical fatigue life analyses on magnesium sheet metals.
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2 Background and Literature Review
2.1 Crystal Structure of Magnesium
The chemical element magnesium with its atomic number 12 reveals a hexagonal close-
packed crystal structure (e.g. [114]). Figure 2.1a shows the crystal structure with its
axes and dimensions. With the lattice constants a = 320.3 pm and c = 519.9 pm as well
as the atomic radius r = 160 pm [74], Fig. 2.1b represents a cut hexagonal close-packed
crystal structure.
Hexagonal crystal lattice systems are typically described by the Miller-Bravais indices.
Thus, the description of planes and axes can be done by using four components. The
notation (hkil) denotes one specific plane and [uvtw] denotes one specific direct lattice
vector. In contrast, the notation {hkil} denotes crystallographic equivalent planes and
<uvtw> denotes crystallographic equivalent direct lattice vectors. Negative indices
are typically written with a bar (1¯) instead of a minus (−1). In Fig. 2.1a, the four
axes h = a1, k = a2, i = a3, and l = c are indicated. Nevertheless, the axes a1, a2,
and a3 are not independent of each other. Describing directions or planes, the relation:
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Figure 2.1: (a) Hexagonal close-packed unit cell of magnesium with its axes and dimen-
sions; (b) cut hexagonal close-packed crystal structure
a1 + a2 + a3 = 0 has to be fulfilled for the first three coordinates. The advantage of using
the Miller-Bravais indices for hexagonal lattice systems instead of the three-component
Miller indices is an easy identification of crystallographic equivalent planes and axes. For
example, the plane (101¯0) is crystallographic equivalent to (01¯10) and they are expressed
by {101¯0}.
Close-packing of equal spheres is only achieved with two different crystal lattice systems:
the face-centered cubic and hexagonal close-packed lattice. To distinguish them, their
stacking sequence is considered. Figures 2.2a and b visualize the stacking sequence of
a hexagonal close-packed crystal lattice system. The hexagonal close-packed system
reveals an ...ABAB... stacking sequence (Fig. 2.2b) [74]. In the top view (Fig. 2.2a),
the positions of the atoms are indicated with A or B. In vertical direction, all A-layers
lie directly upon each other. The same is valid for all B-layers. B-layer atoms lie in
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the hollows between the three surrounding A-layer atoms. The atoms within an ideal
hexagonal close-packed crystal system theoretically occupy ≈ 74 % of the space (Fig.
2.1b) and the densest plane is the (0001) basal plane (Fig. 2.3a and Fig. 2.1b). An
ideal hexagonal close-packed crystal system reveals the c/a ratio of 1.633. With the
magnesium specific lattice constants a = 320.3 pm and c = 519.9 pm [74], the c/a ratio of
1.623 is very close to the ideal ratio. This ratio influences the activation of deformation
modes such as dislocation slip and mechanical twinning as explained in the next section.
                
 
 
 
      
 
 
a1 
a2
a3 
c 
a = 320.3 pm
c =
 51
9.
9 p
m
 
(a) (b)
(a) 
 
atomic radius = 160 pm 
a2
c
a1
layer A
layer B
layer A
(b)
A 
B B 
B B 
AA 
A 
A 
A A 
B 
B B 
Figure 2.2: (a) Top view of the hexagonal close-packed unit cell and (b) the three-
dimensional view; both with indicated layers
The described hexagonal close-packed crystal structure occurs at pure magnesium and
most of its alloys. Only few special alloys change the crystal structure with rising alloy
content. Examples are magnesium-lithium alloys. At room temperature, the hexagonal
close-packed crystal structure changes to a body-centered cubic with about 30 wt%
lithium (e.g. [124]).
2.2 Deformation Mechanisms of Magnesium Alloys
2.2.1 Dislocation Slip
In order to fulfill requirements such as formability, crash energy absorption potential,
and fatigue resistance, metallic structural materials require an adequate deformation
behavior. This is mainly influenced by the number of independent slip systems. Siebel
[143] reported that dislocation slip occurs mainly at close-packed planes in close-packed
directions. The close-packed plane is the (0001) basal plane (Fig. 2.3a) and thus, basal
<a> slip (<112¯0> direction) is the most dominant dislocation slip mechanism at room
temperature. Hutchinson [68] listed critical resolved shear stress values for different
dislocation slip systems at pure polycrystalline magnesium, determined by different
researchers. The critical resolved shear stress for basal <a> slip is only between 0.5 MPa
and 0.8 MPa. Taylor [146] proposed that at least five independent slip systems are
required for a homogeneous shape change. The <112¯0> slip direction represents three
crystallographic equivalent slip directions parallel to the three a-axes, but only two of
them are independent.
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The dislocation slip mechanism with the next larger critical resolved shear stress at room
temperature, which is between 39 MPa and 50 MPa [68], is prismatic <a> slip (Fig. 2.3b).
This dislocation slip mode is very difficult to activate and occurs only at materials with
appropriate textures at comparatively large stresses (e.g. [83]). In cases where prismatic
<a> slip occurs, comparatively large elongations after fracture up to 30 % can be reached.
Two independent slip systems are provided by {101¯0}<112¯0> prismatic slip. Basal <a>
slip and prismatic <a> slip together provide four independent slip systems.
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Figure 2.3: Unit cell with indicated <a> slip direction and (a) (0001) basal plane as well
as (b) {101¯0} prismatic plane
2.2.2 Mechanical Twinning
Besides dislocation slip, mechanical {101¯2}<101¯1> tension twinning is a deformation
mode, which is easy to activate at room temperature. The critical resolved shear stress
for tension twinning in the case of pure magnesium is 2 MPa (e.g. [98]). At room
temperature, tension twinning is the only mechanism that allows easy straining in <c>
direction. In general, twinning can be understood as a shear deformation, where a region
of a grain is transformed into a nearly mirror symmetric region with a specified twinning
plane. There exist different types of twins such as tension twins, compression twins, and
double twins, which are described in [8, 43]. The tension twin, shown by Figs. 2.4a
and b, is the most commonly occurring and described twin type (e.g. [156, 163]). The
denotation “tension twin” originates from an extension in <c> direction.
Al-Samman [8] mentioned that mechanical twinning can be distinguished from dislocation
slip by three typical properties: unidirectional behavior, sudden reorientation of crystals,
and limited strain accommodation ability. These aspects are explained in the following
paragraphs.
Tension twinning occurs at the {101¯2} plane as the twinning plane and the <101¯1>
axis as shearing direction (Fig. 2.4a). Figure 2.4b illustrates a side view of the plane,
composed of the atoms marked in Fig. 2.4a with “x.” In Fig. 2.4b all relevant dimensions
are included. It is visible that the left upper atom rotates by 7.44◦ around the center.
This twin mechanism with an extension in <c> direction is only possible if the c/a ratio
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is smaller than
√
3 (1.732), which is fulfilled in the case of magnesium with c/a = 1.623.
In the case of c/a =
√
3, a mirror symmetry with the {101¯2} plane as the plane of
symmetry already exists. A larger c/a ratio would lead to a {101¯2}<101¯1> twin type,
which results in a compression along the <c> direction.
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Figure 2.4: (a) Unit cell with indicated <101¯1> directions and the {101¯2} pyramidal
plane; (b) plane view of the shape change due to {101¯2}<101¯1> tension
twinning
Figure 2.5 illustrates the load direction dependancy of {101¯2}<101¯1> tension twinning
at magnesium alloys. {101¯2}<101¯1> tension twinning is only possible at a tensile load
parallel to the c-axis or a compressive load perpendicular to the c-axis. In cases of a tensile
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Figure 2.5: Visualization of the load direction dependancy of {101¯2}<101¯1> tension
twinning
load perpendicular to the c-axis or a compressive load parallel to the c-axis, {101¯2}<101¯1>
tension twinning is not possible. In such cases, {101¯1}<101¯2> compression twinning
or {101¯1}{101¯2} double twinning can be activated [8]. {101¯1}<101¯2> compression
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twinning or {101¯1}{101¯2} double twinning were found to be present in rolled magnesium
plates after failure in a quasi-static tensile test [79]. In [79], it is also reported that
{101¯1}<101¯2> compression twinning or {101¯1}{101¯2} double twinning interacts with
{101¯0}<112¯0> prismatic slip. Nevertheless, {101¯1}<101¯2> compression twinning or
{101¯1}{101¯2} double twinning can be regarded as less extensive and harder to activate
in comparison to {101¯2}<101¯1> tension twinning. The critical resolved shear stress
for compression twinning was found to be 114 MPa in comparison to 2 MPa for tension
twinning [82].
As explained within several works (e.g. [8, 43, 120]) twinning leads to a sudden reorienta-
tion of crystals. Figures 2.6a and b illustrate this effect using the example of a twinned
microstructure. A plane view of the shape change due to {101¯2}<101¯1> tension twinning
is visualized in Fig. 2.6a. All A-layer and B-layer atoms of the untwinned and twinned
region and the original atom locations in the twinned region are visible. Within a twinned
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Figure 2.6: (a) Plane view of the shape change due to {101¯2}<101¯1> tension twinning
visualizing A-layer and B-layer atoms; (b) three-dimensional view of the atom
positions of a twinned microstructure
region, the unit cells are rotated by 86.28◦, noted in Fig. 2.4b and visualized in Figs. 2.6a
and b. During the transformation, some A-layer atoms of the untwinned microstructure
become B-layer atoms within a twin and some B-layer atoms become A-layer atoms.
Figures 2.6a and b represent a model with idealized atom positions. Nevertheless, in the
vicinity of the {101¯2} plane, the atom positions of layer B in particular deviate from the
idealized positions due to repulsive forces between the atoms.
Agnew and Duygulu [4] reported that {101¯2}<101¯1> tension twinning can accommodate
only 6.5 % plastic tensile strain. The full amount of 6.5 % tensile strain is reached if the
entire specimen underwent twinning [8]. Double twinning may enable further straining
[4]. Magnesium alloys typically solidifies polycrystalline with grain sizes ranging from
approximately 3µm to 10µm for fine grained semifinished products to approximately
50µm to 100µm for course grained semifinished products [8, 126]. Twinning of the whole
specimen is only possible if all grains reveal the same crystal orientation. Magnesium
sheet metals typically reveal strong crystallographic textures due to the forming process
with the c-axes lying almost normal to the sheet plane (e.g. [2, 8, 83, 98, 148]). Figure
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2.7a illustrates an example of a magnesium sheet with indicated crystal orientations.
Furthermore, the definitions of the relative directions are indicated: RD = rolling
direction, ED = extrusion direction, TD = transverse to rolling or extrusion direction,
and ND = normal to the sheet plane. The shown crystal orientation enables a large
amount of twins, explained in section 2.4.3.
Tension twins within a sheet metal, generated by compressive loading in sheet plane
direction, typically reveal two boundaries (twinning planes) as indicated in Fig. 2.7b.
The angle between the twin boundary ({101¯2} plane) and the sheet plane is 43.14◦. The
thin arrows show the <0001> direction, rotated by 86.28◦ within the twin. Within Figs.
2.7b-d, the thick arrows indicate the load direction. In the early stage at comparatively
low loads, the developed twins are very narrow and grow with rising loads until the
twin consumes almost the whole grain (Fig. 2.7c) [69]. Figure 2.7d shows a comparison
of the initial microstructure of a magnesium sheet metal without twins and a twinned
microstructure.
As a result, the most important deformation mechanisms of magnesium sheet metals
at room temperature are basal <a> slip and {101¯2}<101¯1> tension twinning. In
some special cases prismatic <a> slip becomes active [83]. These three deformation
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Figure 2.7: (a) Typical crystal orientation of magnesium sheet metals (basal texture); (b)
model of a twinned grain in the side view; (c) growth of a twin with increasing
load; (d) comparison of an untwinned (left) and a twinned microstructure
(right) of twin roll cast AM50
mechanisms together provide 4.5 independent slip systems [23], less than the demanded
five independent slip systems for homogeneous deformation. To achieve an adequate
formability, additional pyramidal <c + a> slip systems are necessary. However, they
are hard to activate at room temperature [5]. At about 250 ◦C pyramidal <c+ a> slip
systems become easily activatable [3], which is why most of the forming processes, such
as deep drawing, are carried out at elevated temperatures.
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2.3 Magnesium Alloy Systems
Pure magnesium reveals low mechanical properties such as ultimate tensile strength or
elongation after fracture. Kammer [74] reported that the ultimate tensile strength of
as-cast pure magnesium is about 100 MPa. It can be increased to about 200 MPa by
extrusion [74]. The elongation after fracture of pure magnesium is between 1 % and 12 %
[73]. Alloying elements can increase the mechanical properties of magnesium, which
is why nearly all structural magnesium components consist of appropriate magnesium
alloys.
The worldwide commonly used classification system for the description of magnesium
alloys is defined by different ASTM standards [73]. Table 2.1 lists the alloying elements
of magnesium out of ASTM B275 - 13 [169] with its abbreviations. The name of an alloy
Table 2.1: Letters, defined by ASTM B275 - 13 [169] for the alloying elements of nonferrous
metals and alloys
A – aluminum H – thorium P – lead X – calcium
B – bismuth J – strontium Q – silver Y – antimony
C – copper K – zirconium R – chromium Z – zinc
D – cadmium L – lithium S – silicon
E – rare earths M – manganese T – tin
F – iron N – nickel W – yttrium
consists typically of abbreviated main alloying elements (e.g. AM..), followed by the
numbers with the rounded weight percent of the main alloying elements (e.g. AM50).
For some alloys there exists different levels of the alloy development, which is described
by a letter behind the numbers (e.g. AM50A). The development levels differ from each
other by the amount of impurities [73]. Nominal chemical compositions of most standard
magnesium alloys are listed in ASTM B951 - 11 [173]. For example: the alloy AM50A
consists of 4.4 - 5.4 wt% aluminum, 0.26 - 0.6 wt% manganese, 0.22 wt% zinc, and a small
amount of other elements [173] and belongs to the first development level.
As an additional information, the heat treatment of the material is designated by the
last letter of the alloy labeling and is standardized within ASTM B296 - 03 [170] and
ASTM B661 - 06 [171]. The following list describes the five different divisions of heat
treatments as noted in [74, 114, 170, 171].
 F: as fabricated
 O: annealed, recrystallized
 H: strain hardened
 W: solution heat treated (unstable condition)
 T: thermally treated to produce stable conditions (different to F, O, and H)
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There exist different subdivisions, e.g. T4, T5, or T6, which are described in [114, 171].
As an example, the designation ZK60A-T5 denotes the first development level of the
alloy ZK60, which was cooled and artificially aged.
Magnesium alloys can be classified in cast magnesium alloys and wrought magnesium
alloys. Cast magnesium alloys must provide good flowability and mold filling properties.
In contrast, wrought magnesium alloys must provide a good formability [74]. Thus, cast
and wrought magnesium alloys reveal different alloying element compositions. The main
alloying elements of magnesium are aluminum, zinc, and manganese, which serve to
increase the strength at room temperature and elevated temperatures and the corrosion
resistance [74].
Cast magnesium alloys typically contain up to 10 % aluminum, 6.5 % zinc, 0.5 % man-
ganese, and 1.5 % silicon. In comparison, wrought magnesium alloys typically contain
up to 10 % aluminum, 2 % manganese, 1.5 % zinc (seldom more), and less silicon (in the
range of 0.1 %) [74]. The most important alloy systems for high-pressure die castings are
AZ, AM, AS, and AE [73]. In the year 2004, the European automobile industry used
61 % AZ alloys, 32 % AM alloys, and 7 % AS or AE alloys for high-pressure die castings
[73]. The alloy AZ91 with its excellent castability is the most commonly used cast alloy
[150]. Alloys such as AZ31, AZ61, and AZ80 are the most used wrought magnesium
alloys [73].
In the following, the main effects of key alloying elements are listed as summarized by
Kammer [74]:
aluminum:
 increase of the strength by solid solution strengthening and by precipitation hard-
ening with the intermetallic Mg17Al12 phase
 the precipitation hardening is only effective up to maximum 120 ◦C operation
temperature
 increase of the castability due to an eutectic at 437 ◦C
 support of fine grain formation
 support the surface passivation
 decrease of the notch sensitivity and improvement of the toughness
 increase of the tendency to microporosity
manganese:
 increase of the tensile strength from 1.5 wt% and more
 improvement of the corrosion resistance by control of the iron content by precipi-
tating Fe-Mn compounds
 support of fine grain formation
 improvement of the impact toughness
 improvement of the weldability
 improvement of the creep resistance
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zinc:
 increase of the castability
 increase of the strengths especially from 3 wt% and more
 support of fine grain formation
 increase of the tendency to microporosity
silicon:
 improvement of the creep resistance by formation of stable silicide compounds
 increase of the hardness and brittleness
 decrease of the castability
 decrease of the corrosion resistance
 noticeable decrease of the strength with more than 0.2 wt%
rare-earth elements (in particular yttrium, neodymium and cerium):
 formation of very stable precipitates
 precipitation hardening possible
 reduction of microporosity
 improvement of the corrosion resistance
 improvement of the creep resistance and high temperature strength
 support the fine grain formation
 high price, mainly used for high performance alloys
For twin roll casting of magnesium sheet metals, the alloy AZ31 is most commonly
used [48]. In [74], it is mentioned that aluminum contents of larger than 7 wt% lead to
problems with the processing (e.g. hot rolling). This is in agreement with the statement
in [48] that twin roll cast AZ91 strips reveal an unsuitable surface quality. Also other
alloy systems like AM, ZK, or ZE alloy systems have been successfully cast. In [48], it is
noted that an AM31 alloy sheet metal reveals a similar as-cast microstructure as AZ31
alloy sheets. Amongst others, the alloys AZ21, AZ31, AM50, and WE43 were successfully
processed at the pilot plant for twin roll casting of the Magnesium Flachprodukte GmbH
in Freiberg (e.g. [77, 116, 127]).
The corrosion behavior is an important factor for all structural magnesium applications.
Small amounts of the elements copper, nickel, and iron enormously decrease the corrosion
resistance [150]. To increase the corrosion resistance, high purity alloys (HP-alloys)
with strict limits for copper, nickel, and iron were developed. Kammer [74] listed the
limit values for different magnesium alloys with maximum 0.005 wt% for iron, maximum
0.002 wt% for nickel, and in most cases maximum 0.03 wt% for copper. Also important
is the ratio Fe/Mn due to precipitating Fe-Mn compounds. The ratio ranges from 0.010
to 0.046 for different alloys [74]. In [74], it is mentioned that the HP-alloy AZ91 nearly
reaches as small corrosion rates as aluminum alloys and in [73], it is shown that the
corrosion rate of AZ91-HP is approximately ten times smaller in comparison to the
conventional AZ91 alloy.
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2.4 Mechanical Behavior of Magnesium Alloys
In the literature, two different stress and strain measures were used to evaluate the test
results. In studies with low absolute strain values, engineering stress and strain were
chosen. In other cases true stress and strain values were used. To distinguish both
methods, an additional index was added at the end of the appropriate symbol. Index (e)
denotes “engineering” and index (t) denotes “true” values.
2.4.1 Quasi-Static Mechanical Properties
The most important and most commonly used quasi-static mechanical properties for
comparison of different alloys are the ultimate tensile strength, the tensile yield stress and
the elongation after fracture. For wrought magnesium alloys, the knowledge of the com-
pressive yield stress is additionally important due to the tension-compression asymmetry.
In general, semifinished wrought magnesium products reveal better mechanical properties
in comparison to magnesium castings, since they are almost free of typical casting defects
like pores and inclusions [109, 133]. Additional influencing variables on the mechanical
properties are the grain size and the texture. Table 2.2 lists the mechanical properties of
current magnesium alloys processed by high-pressure die casting as listed in [50]. For a
Table 2.2: Quasi-static mechanical properties of typical magnesium alloys processed by
high-pressure die casting as listed in [50]
alloy ult. tens. stren. [MPa] tens. yield stress [MPa] elon. after fract. [%]
AZ91-HP 200 - 250 150 - 170 0.5 - 3
AZ81-HP 200 - 240 140 - 160 1 - 3
AM60-HP 190 - 230 120 - 150 4 - 8
AM50-HP 180 - 220 110 - 140 5 - 9
AM20-HP 160 - 210 90 - 120 8 - 12
comparison, Table 2.3 lists the mechanical properties of different wrought magnesium
semifinished products as listed in [117]. The mechanical properties strongly depend on
the manufacturing process, which influences parameters such as grain size, defect density,
or crystallographic texture. There are large ranges in some cases. It can be seen from
Table 2.2 that the AZ alloys with high aluminum content (AZ91, AZ81) reveal larger
ultimate tensile strengths in comparison to the AM alloys with lower aluminum content.
Nevertheless, the higher the strength, the lower the elongation after fracture (Table 2.2).
Crystallographic texture strongly influences the deformation modes as described in section
2.2.2. Cast magnesium alloys with low cooling rates, such as sand castings, can reveal
textures due to the specific orientation within dendrites [121, 149]. Nevertheless, most of
the cast magnesium parts are produced by high-pressure die casting with high cooling
rates. In such cases, a random grain orientation is reached as reported in [159]. In
contrast, most wrought magnesium semifinished products reveal strong textures (e.g. [15,
98, 148]). Strong textures lead to an asymmetry of the mechanical properties between
tensile and compressive direction and an anisotropy [98, 148]. The most important effect
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Table 2.3: Quasi-static mechanical properties of typical wrought magnesium semifinished
products as listed in [117]
alloy ultimate tensile tens. yield comp. yield elong. after fract.
strength [MPa] stress [MPa] stress [MPa] [%]
AZ31B-F extrusion 250 - 260 165 - 200 85 - 105 12 - 15
AZ61A-F extrusion 285 - 315 165 - 230 110 - 145 14 - 17
ZK60A-T5 extrusion 340 - 365 270 - 305 180 - 250 11 - 12
AZ31B-O rolled sheet 250 - 255 145 - 150 75 - 110 17 - 21
AZ31B-H24 rol. sheet 255 - 290 145 - 220 85 - 180 14 - 19
ZE10A-H24 rol. sheet 235 - 260 165 - 200 160 - 180 8 - 12
HK31A-H24 rol. sheet 255 - 270 200 - 215 150 - 170 9 - 14
is the possibility of activating {101¯2}<101¯1> tension twinning, which depends on the
load direction (Fig. 2.5). A considerable asymmetry of the tensile and compressive yield
stress was found in nearly all wrought magnesium semifinished products (e.g. [2, 28, 59,
109, 121, 148]). On average, the mechanical properties of wrought semifinished products
are larger in comparison to cast products (Tables 2.2 and 2.3). Especially the elongation
after fracture is considerably larger at wrought magnesium alloys.
To visualize the tension-compression asymmetry, the quasi-static tensile and compressive
stress-strain curves of specimens out of rolled AZ31 plates and high-pressure die cast
AZ91 specimens are compared in Figs. 2.8a and b. The rolled AZ31 plates revealed
an average grain size of 11µm and a strong basal texture as illustrated in Fig. 2.7a.
The curves were determined by Noster [120] using a strain rate of approximately 10−3/s.
In Fig. 2.8a, a large difference between the tensile and compressive direction can be
recognized. The tensile yield stress was found to be 160 MPa and the compressive yield
stress 92 MPa [120], leading to a ratio of 1.74. The strong basal texture of the rolled AZ31
plates enables {101¯2}<101¯1> tension twinning in a large number of grains simultaneously
after loading in compressive direction parallel to the plate plane (see also Figs. 2.7a-d).
This leads to a very low strain hardening rate directly after exceeding the compressive
yield stress CYS [120] (visible in Fig. 2.8a). After twinning of the whole gauge section of
the specimen, the compressive stress is rising with a larger strain hardening rate [63].
Noster [120] showed that the distinct tension-compression asymmetry decreases with
rising temperature. At about 150 ◦C the tension-compression asymmetry reduces to a
negligible low level. A distinct asymmetry between tensile and compressive direction
cannot be recognized for high-pressure die cast AZ91 [120] Fig. 2.8b. The tensile yield
stress is 135 MPa and the compressive yield stress is 165 MPa [120]. It was reported that
the microstructure of AZ91 after failure was similar in tensile and compressive direction
while distinct twinning was not observed [120].
Usually, wrought magnesium semifinished products show an anisotropy when comparing
the mechanical behavior along the rolling or extrusion direction (RD or ED) to that of
the transverse direction (TD). The anisotropy is distinct for extruded massive magnesium
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Figure 2.8: (a) Quasi-static tensile and compressive stress-strain curves of specimens
out of rolled AZ31 plates; (b) tensile and compressive stress-strain curves of
high-pressure die cast AZ91 specimens; curves out of [120]; except the tensile
curve of AZ91, curves end before fracture; dashed lines represent vague test
conditions
products, such as thick plates, caused by a complex texture with more than one major
texture component (e.g. [105, 156]). Rolled or extruded sheet metals reveal also anisotropy
when comparing the mechanical behavior along RD / ED to that along TD, but their
intensity is smaller compared to extruded massive products. This lower anisotropy is
induced by a strong basal texture (e.g. [83, 104, 119]). Although the difference of the
ultimate tensile strengths and the tensile yield stresses are comparatively small between
RD and TD, the elongation after fracture can strongly deviate (e.g. [83]).
2.4.2 Pseudoelasticity
A phenomenon, typical for cast and wrought magnesium alloys, is a nonlinear unloading
behavior, which is called “pseudoelastic behavior” [26, 106, 111]. Pseudoelasticity is
induced by reversible plastic strain during unloading [106] and is illustrated in Figs. 2.9a,
b, 2.10a, and b. The size of {101¯2}<101¯1> tension twins expand during loading and
contract during unloading, caused by a reversible movement of twin boundaries [26].
This effect occurs at grains, which are favored for the especial load direction. Figures
2.9a and b illustrate optical micrographs of an in situ three point bending test on pure
magnesium, carried out by Mann et al. [106]. The considered pure magnesium specimens
reveal a low tension-compression asymmetry and thus, a nearly random grain orientation
can be assumed. Figure 2.9a shows the microstructure of the loaded specimen and Fig.
2.9b shows the same position after unloading. Some twins are indicated by arrows. In
Figs. 2.9a and b, it can be seen clearly that the size of twins change during loading and
unloading.
Pseudoelastic behavior strongly influences the shape of stress-strain curves. Figures 2.10a
and b illustrate two examples of loading-unloading hysteresis loops, tested in tensile
direction. Figure 2.10a shows hysteresis loops of a high-pressure die cast AZ81 specimen,
tested by Angermeier [9]. In comparison, Fig. 2.10b illustrates hysteresis loops of a
twin roll cast AZ31B sheet metal specimen, tested by Schwaighofer [141] with loading
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Figure 2.9: Pure magnesium (a) loaded and (b) unloaded; the arrows indicate twins that
become thinner upon unloading; figures copied from Mann et al. [106] with
permission from Elsevier
direction parallel to the rolling direction (RD). The tested sheet metals reveal a strong
basal texture, where most of the c-axes are parallel to the sheet normal direction (ND).
The Figs. 2.10a and b indicate the definition of the pseudoelastic strain εpsel as described
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Figure 2.10: Loading-unloading hysteresis loops in the tensile direction of (a) high-
pressure die cast AZ81 and (b) twin roll cast AZ31B; the upper reversal
points are 80 MPa, 120 MPa, and 160 MPa and additionally 180 MPa in (b)
by Caceres et al. [26] using the hysteresis loop with the upper reversal point at 160 MPa.
In general, the real plastic strain εpl is defined as the strain at unloading to zero stress.
The pseudoelastic strain εpsel, also called anelastic strain in [26, 106], is the strain caused
by nonlinear unloading. In Figs. 2.10a and b, εpl and εpsel are indicated and the amount
is noted for the indicated loop, respectively. The high-pressure die cast AZ81 alloy with
its nearly random grain orientation shows a comparatively large amount of εpsel, which is
larger than εpl for the indicated hysteresis loop. For the example in Fig. 2.10a, it can be
assumed that the crystal orientation of many grains is favored to generate {101¯2}<101¯1>
tension twins during tensile loading. In contrast, the strong basal texture of the twin roll
cast AZ31B sheet metal prohibits the formation of tension twins under tensile load in
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rolling direction. Thus, twins were only formed in few differently oriented grains during
tensile loading, leading to a lower pseudoelastic strain in comparison to the high-pressure
die cast AZ81 alloy. Nevertheless, larger pseudoelastic strains are possible in wrought
magnesium semifinished products with strong basal textures within reversed cyclic tests,
shown in section 6. For this, it is required to form tension twins, which influence the
following stress-strain curve, under compressive loading.
Comparing pure magnesium with different grain sizes, Mann et al. [106] found that a
smaller grain size leads to a greater pseudoelastic strain εpsel. Comparing different zinc
contents from 0 wt% to 6 wt%, it was found in [106] that a larger zinc content leads
to a decrease of εpsel due to a reduced tendency to twinning. Another finding in [106]
is the increasing amount of εpsel with rising loads until its maximum is reached. In a
similar test as illustrated in Fig. 2.10a, the maximum amounts of εpsel are reached if the
maximum total strain εt is between 1 % and 2 % with εpsel between 0.2 % and 0.3 %.
2.4.3 Cyclic Deformation Behavior
Stress-strain hysteresis loops deliver important information, which is necessary for fatigue
models. At loads above the yield stress, the stress-strain hysteresis loops of wrought
magnesium alloys strongly differ from those of cast magnesium alloys. Comparisons with
indicated maximum stress σmax(t), minimum stress σmin(t), and mean stress σm(t) values
are shown in Figs. 2.11a and b for completely reversed strain-controlled tests (strain
ratio Rε = −1) at relatively large total strain amplitudes εa,t. Figure 2.11a illustrates
the hysteresis loop of sand cast AZ91, determined by Goodenberger and Stephens [53]
at half number of cycles to failure Nf . The hysteresis loop appears to be approximately
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Figure 2.11: Half-life hysteresis loop of a (a) sand cast AZ91 specimen, measured by
Goodenberger and Stephens [53] and (b) twin roll cast AM50 sheet metal
specimen, tested in RD; both tested under strain-controlled conditions at
comparatively large strain amplitudes
point symmetric whereby the mean stress σm is with −5 MPa comparatively low. In [53],
the mean stress values for all completely reversed strain-controlled tests were found to
be between −1.5 MPa and −11 MPa.
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A half-life hysteresis loop (determined at 0.5Nf) of twin roll cast AM50 sheet metal,
loaded in RD, is plotted in Fig. 2.11b. The ascending hysteresis branch reveals a
distinct sigmoidal shape, which was reported earlier by several researchers (e.g. [98, 109,
120, 157]). Furthermore, the hysteresis loop reveals a non-point-symmetric shape. The
sigmoidal shape is caused by a subsequent twinning and detwinning process, which has
been the subject of several investigations (e.g. [98, 130] for AZ31). In Fig. 2.11b, the
different stages of one hysteresis loop are indicated. Distinct twinning begins at mark
number 1 until the lower reversal point. In the ascending hysteresis branch, distinct
detwinning starts at mark number 2 until mark number 3. After mark number 3 no more
twins can be detwinned and the stress is rising with a larger slope [98] (Fig. 2.11b). After
detwinning, twinning occurs again within the next compressive reversal. This behavior
is called “retwinning” e.g. by Yu et al. [163] and Xiong et al. [157]. To visualize the
twinning and detwinning behavior, Fig. 2.12 illustrates the initial 5/4 cycles loop with
micrographs at different stages. All of the four micrographs were captured after reaching
the marked point and unloading to 0 MPa stress. The initial hysteresis loop is especially
suitable to investigate twinning and detwinning effects, because it is known that the
initial microstructure of the material is without twins (e.g. [37, 130]).
Fig. 2.12, Mark number 1: The strong basal texture of the AM50 sheet metal
prohibits distinct tension twinning in tensile direction parallel to the sheet plane as
explained in section 2.2.2. Nevertheless, there exist some grains, which favor tension
twinning as indicated in the micrograph with arrows. This tension twins are supposed to
be responsible for the pseudoelastic unloading behavior, explained in section 2.4.2 and
also visible between mark number 1 and 2.
Fig. 2.12, Mark number 2: Before exceeding the compressive yield stress (mark
number 2), the microstructure is similar to that at the maximum stress σmax (mark
number 1), except the effect of pseudoelasticity. Similar to the findings of Noster [120] for
quasi-static behavior of rolled AZ31, the twin roll cast AM50 reveals a nearly zero strain
hardening rate after exceeding the compressive yield stress. Between marks number 2
and 3 a large amount of {101¯2}<101¯1> tension twins are formed.
Fig. 2.12, Mark number 3: Nearly every grain is partially twinned at mark number
3 and the size of the twins is medium large. Thus, a further growth of the twins is still
possible. Within the ascending hysteresis branch, most of the twins are pulled out.
Fig. 2.12, Mark number 4: At the maximum stress σmax, a lot of very narrow twins
remain in the specimen. The remaining twins are found to be undetwinnable twins, also
called residual twins (e.g. [130, 156, 164, 165]). Similar observations were made by Park
et al. [130] using the alloy AZ31. The work discovered that the number of residual twins
rises with a rising number of cycles. For further explanations see section 6.1.6.
For a specific magnesium alloy or semifinished product, the general shape of stress-strain
hysteresis loops depends on several factors. The most important ones are:
 load amplitude
 stress or strain ratio
 cyclic hardening or softening
 mean stress relaxation
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Figure 2.12: Microstructure of twin roll cast AM50 sheet metal at different stages of the
initial cycle at a completely reversed strain-controlled test; load direction
= RD = horizontal in the microstructure pictures; arrows indicate narrow
twins
 cyclic creep (ratcheting)
 control mode (stress- or strain-control)
 load-time function (constant or variable amplitude loading)
 loading direction (RD, ED, or TD)
All these parameters must be considered within fatigue calculations. Based on test results,
in chapter 6 the noted parameters are discussed and corresponding hysteresis loops are
illustrated.
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2.5 Fundamentals of Fatigue Modeling
During the industrialization in the 19th century, many fatal accidents with a large number
of fatalities occurred due to the unexpected failures of structural components [20]. Thus,
several engineers investigated the reasons for those failures and developed fatigue life
prediction methods [134]. Suresh [145] reported that the first study of metal fatigue is
believed to have been conducted around 1829 by Albert [6] on iron mine-hoist chains.
One of the most important early studies was carried out in the 1860s by Wo¨hler (e.g.
[153], who investigated the fatigue failure in railroad axles [145]. His main finding was
that the fatigue life subjected to cyclic loads is considerably lower than the static strength
[145]. To characterize the fatigue behavior, Wo¨hler developed stress-life curves, also
called Wo¨hler curves, which have been used for many fatigue investigations up to now.
Fatigue of materials is attributed to time variable load conditions [45]. It leads to a
change of material properties until the material is cracking [145]. Suresh [145] explained
that fatigue failures occur in many different forms. Important examples are:
 mechanical fatigue due to cyclic loading
 creep fatigue (normally at elevated temperatures)
 thermomechanical fatigue due to cyclic mechanical and cyclic thermal loading
 corrosion fatigue due to corrosive media
 fretting fatigue due to mechanical loading in combination with friction
The most important form is mechanical fatigue due to cyclic loading, which was subject
of the majority of investigations (e.g. [45, 134]). The field of cyclic fatigue is typically
distinguished between the crack initiation phase and the crack propagation phase (Fig.
2.13). Fatigue life prediction methods, such as the local strain approach (section 2.5.1),
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Figure 2.13: Progression of fatigue damage
typically consider the range until the initial macroscopic crack [55]. The remaining fatigue
life, in which macroscopic crack propagation occurs, can be estimated based on fracture
mechanical approaches as discussed in [20]. Materials require a large fracture toughness
to achieve an appreciable crack propagation life. Due to the fact that magnesium alloys
typically reveal low values of the fracture toughness, e.g. 16 - 19 MPa
√
m for AZ31 sheet
metals ([138]), a relatively small crack propagation life can be assumed in comparison
to several steel or aluminum sheet metals. Thus, only the fatigue life to the initial
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macroscopic crack is considered within the present study, denoted by “number of cycles
to failure Nf” (Fig. 2.13).
To model the fatigue life of metallic materials, there exist different phenomenological
approaches, which were developed on the basis of available experimental results [45]. The
aim of a fatigue model is to calculate the fatigue life of components, which are subjected
to complex variable amplitude load conditions (Fig. 2.14). To achieve a low test effort
and to provide a comprehensive understanding of the fatigue behavior, the necessary
material constants are typically determined on the basis of uniaxial constant amplitude
tension-compression tests. The basic procedure of a fatigue life calculation is similar for
most phenomenological fatigue models:
Determination of the Fatigue Parameter
Stress, strain, and strain energy density components can be used to define a fatigue
parameter. In most cases, completely reversed constant amplitude tests (Fig. 2.14) are
carried out to determine the fatigue parameter as a function of the fatigue life. One
example is the strain-life curve, which considers the total strain amplitude as fatigue
parameter.
Mean Stress Correction
An important influencing factor on the fatigue life is the mean stress (e.g. [55]). To
consider load cycles with different mean stresses, mean stress correction factors or
functions are added to extend the fatigue parameter. A commonly used example is
the Smith-Watson-Topper parameter [144], explained in section 2.5.1. An experimental
evaluation of the mean stress effect is typically carried out by using constant amplitude
tests with different mean stresses (Fig. 2.14).
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Figure 2.14: Different kinds of loading situations
Damage Accumulation
To calculate the fatigue life under variable amplitude loading, the load-time function has
to be evaluated. The rainflow-counting method, which counts closed hysteresis loops with
the corresponding amplitudes and mean values, is adequate for this purpose. For each
hysteresis loop, the corresponding damage increment Di has to be calculated by dividing
the number of counted cycles (hysteresis loops) Ni by the theoretical number of cycles
to failure Nf,i. The theoretical number of cycles to failure Nf,i for a specific hysteresis
loop is calculated using the fatigue parameter. Finally, the fatigue life is calculated by
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accumulating all damage increments Di. Theoretical failure is defined if the damage
D is 1.
Different methods for the damage accumulation exist, generally divided into linear damage
accumulation or nonlinear damage accumulation. The standard linear damage accumula-
tion method, also called Palmgren-Miner rule [55, 112, 128], is the most commonly used
method within fatigue calculations and is defined as
D =
n∑
i=1
Di. (2.1)
Within the present study, only the linear damage accumulation method is considered.
The oldest and mostly used fatigue concept is the stress-life approach using nominal stress
amplitudes as fatigue parameter (e.g. [134, 145]). Stress-based models cannot consider
influences caused by local plastic deformations. This limits the stress-life approach to
long life applications with predominant linear elastic deformations [12]. A large number
of structural components reveal complex geometries that lead to stress concentrations.
These stress concentrations may lead to local plastic deformations. The surrounding
elastic strain field acts as a cyclic structural constraint. For those components, fatigue
approaches, which consider the plastic strain, are more suitable. The local strain approach
is able to consider the actual elasto-plastic stress-strain response of the material and thus,
this concept is suitable for very low up to long fatigue lives. Another promising concept
is the energy based approach, which considers the dissipated strain energy density per
cycle. These two methods are used to describe the fatigue life of magnesium sheet metals
within this study. Both methods are compared to each other. Within section 2.5.1 and
2.5.2, the basic procedures of both approaches are explained.
2.5.1 Local Strain Approach
General Procedure
For a given geometry and the considered load-time function, the following steps are
necessary to calculate the fatigue life with the local strain approach:
 determination of the fatigue parameter as a function of the fatigue life
 determination of the material specific stress-strain behavior
 calculation of the local stress-strain behavior using plasticity correction
 determination of the damage increment per cycle
 damage accumulation
The following paragraphs explain the above listed steps in detail.
Determination of the Fatigue Parameter as a Function of the Fatigue Life
Within the local strain approach, the strain amplitude is used to define the fatigue
parameter. The strain-life curve of a specific alloy expresses the strain amplitude as a
function of the number of cycles to failure Nf for uniaxial completely reversed strain-
controlled test conditions with the total engineering strain amplitude εa,t(e) as control
variable. An example for a strain-life curve of the magnesium alloy ME21 is given in
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Fig. 2.15. Four different total strain amplitudes εa,t ranging from 0.18 % to 0.8 % were
considered using 19 specimens. The specimens fatigued in the cycle range of 3 · 102 -
6 · 105. Strain-life curves are typically plotted in the log-log scale, since the curve ranges
over several decades. The fatigue life for the completely reversed strain-controlled load
case is described by the Manson-Coffin-Basquin approach, a combination of the Basquin
equation and the Manson-Coffin equation [14, 29, 107]. During the decomposition of the
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Figure 2.15: Strain-life curve of ME21 sheet metals, determined using 19 specimens with
strain amplitudes ranging from 0.18 % to 0.8 %; loading direction in ED;
elastic and plastic lines are included as well
total strain amplitude εa,t into an elastic εa,el and a plastic strain amplitude εa,pl, the
strain-life curve is described as the sum of two regression functions. The elastic strain
amplitude is described by the Basquin equation [14]
∆εel
2
= εa,el =
σ′f
E
(2Nf)
b (2.2)
and is dominant for high cycles to failure Nf . In contrast, the plastic strain amplitude is
described by the Manson-Coffin equation [29, 107]
∆εpl
2
= εa,pl = ε
′
f (2Nf)
c (2.3)
and is dominant for low cycles to failure Nf . The sum of both equations results in the
Manson-Coffin-Basquin approach and describes the complete strain-life curve
∆εt
2
= εa,t = εa,el + εa,pl =
σ′f
E
(2Nf)
b + ε′f (2Nf)
c . (2.4)
The parameters Young’s modulus E, fatigue strength coefficient σ′f , fatigue strength
exponent b, fatigue ductility coefficient ε′f , and fatigue ductility exponent c are material
constants and have to be defined for each specific alloy. They are used as input parameters
for commercial standard fatigue software such as nCode DesignLife. The index m1 (Fig.
2.15) denotes the method applied for the decomposition of the plastic and the elastic
strain amplitude and is described within the next paragraphs. Using the elastic or plastic
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strain component of each fatigued specimen, a regression function can be calculated by
the method of least squares. The coefficient of determination r2, which is the square of
the Pearson product–moment correlation coefficient, is typically used to evaluate the
goodness of fit. Its calculation is based on the logarithmized values of Nf , εa,el,m1(t),
and εa,pl,m1(t). Figure 2.15 shows the determined material constants and the values for
r2, which are high for each regression function. The Young’s modulus E, used for the
determination of the regression functions in Fig. 2.15, is 44 GPa. A detailed description
of the procedure to determine strain-life curves is given in the standard SEP1240 [178].
To calculate the regression functions for the strain-life curve, the total strain amplitude
εa,t(t) must be decomposed into an elastic εa,el(t) and a plastic strain amplitude εa,pl(t).
Different methods exist to determine the plastic strain amplitude εa,pl(t), either as a
function of the total strain amplitude εa,t(t) or directly from hysteresis loops. Figure
2.16a shows an overview of three different methods, described in other research works
(εa,pl,m1(t), εa,pl,m2(t), εa,pl,m3(t), e.g. [37, 75]). For this evaluation, true stress and strain
values were considered. The corresponding elastic strain amplitude is calculated as
follows: εa,el,mi(t) = εa,t(t) − εa,pl,mi(t); i = {1, 2, 3}.
The plastic strain amplitude was calculated as εa,pl,m1 = εa,t − σa/E in the original
investigations of Manson and Coffin [29, 107], where E is the Young’s modulus and is
the same for the unloading and loading branch (Fig. 2.16a, εa,pl,m1, E1 = E2). It is
described in most of the literature (e.g. [39, 145]), is the basis of the standard SEP1240
[178], and is used in several low-cycle fatigue studies of magnesium alloys (e.g. [16,
17, 28, 121]). The standard ASTM E606 / E606M - 12 [174] describes a similar way
(εa,pl,m1 = εa,t − σa/E∗). The only difference is that E∗ is not the quasi-static Young’s
modulus, but the material constant that is best determined by cycling the specimen at
stress or strain levels below the elastic limit [174]. Another similar method is described
within the preliminary European norm PREN 3988 [177]. This method defines the
Young’s modulus as the arithmetic mean value of E1 and E2 (Fig. 2.16a).
Due to pseudoelastic unloading at magnesium alloys, the real plastic strain amplitude
(Fig. 2.16a, εa,pl,m2(t)) is smaller in comparison to the plastic strain amplitude for linear
elastic unloading εa,pl,m1(t) [26]. Matsuzuki and Horibe [109] investigated the relationship
between εa,pl,m1 and εa,pl,m2 for extruded AZ31 and found that there exists a pronounced
difference between both definitions.
The standards ISO 12106 [176] and BS 7072:1990 [175] define the plastic strain am-
plitude as the half width of the hysteresis loop at the mean stress of the loop σm =
(σmax + σmin) /2 (Fig. 2.16a, εa,pl,m3(t)). This definition was also recommended by Kandil
[75]. εa,pl,m3(t) is similar to the real plastic strain amplitude εa,pl,m2(t) at σm = 0 MPa.
These different methods ([174–177]) were also compared by Kandil [75], who described
the extent of their differences. Using the example of a nickel based superalloy, a difference
of more than 30 % between the definitions of ASTM E606 / E606M - 12 [174] and ISO
12106 [176] or BS 7072:1990 [175] was found.
The magnitudes of the deviations between the different methods are also compared
within this study. For this, completely reversed strain-controlled conditions (Rε(e) = −1)
were considered. Figure 2.16b shows the amount of different plastic strain amplitudes
as a function of the total strain amplitude εa,t(t). Additionally, the relative deviations
between the different definitions are illustrated. For this, εa,pl,m1 is determined by
E1 = E2 = 45 GPa. The plastic strain amplitude for assumed linear elastic unloading
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εa,pl,m1(t) reaches the highest values in comparison to the other definitions. Both, εa,pl,m2(t)
and εa,pl,m3(t), show lower and nearly the same values, with the largest deviation between
each other of about εa,t(t) = 0.5 − 1 %. At this range exist large values for the mean stress
σm. The largest deviation between εa,pl,m1(t) and εa,pl,m2(t) or εa,pl,m1(t) and εa,pl,m3(t) is
located in the region between εa,t(t) = 0.26 % and 0.5 %. At very low εa,t(t), the maximum
relative error is up to 80 %, because of low values of εa,pl,m2(t) and εa,pl,m3(t) with a large
relative scatter.
An evaluation of the raw data of several specimens showed that the plastic strain amplitude
for assumed linear elastic unloading εa,pl,m1(t) reveals the lowest scatter and the most
accurate results, especially for small hysteresis loops. Using εa,pl,m1(t), the correlation
of strain-life curves is larger in comparison to εa,pl,m2(t) and εa,pl,m3(t). Accordingly, all
further evaluations are carried out using εa,pl,m1(t).
The strain-life curve does not consider the influence of mean stress σm. Therefore, the
equations must be extended with a mean stress correction term. The most commonly
used mean stress correction method is the Smith-Watson-Topper approach [55, 144]
PSWT =
√
(σm + σa) εa,tE. (2.5)
This parameter considers the total strain amplitude εa,t and the maximum stress σmax
(Fig. 2.16a) as most critical for the fatigue of metals [144]. The equation of the strain-life
curve (Eq. 2.4) with the corresponding material constants can be used to determine the
fatigue function for the Smith-Watson-Topper parameter PSWT [55]
PSWT =
√(
σ′f
)2
(2Nf)
2 b + σ′f ε
′
f E (2Nf)
b+c. (2.6)
30 Background and Literature Review
For this, (σm + σa) is replaced by σ
′
f (2Nf)
b and εa,t is replaced by
σ′f
E (2Nf)
b + ε′f (2Nf)
c.
Within this study, the Smith-Watson-Topper parameter is evaluated for the tested
magnesium sheet metals besides other fatigue parameters.
Determination of the Material Specific Stress-Strain Behavior
A calculation of the fatigue parameter for each cycle requires the knowledge of the
hysteresis loop shape. Using the results of uniaxial cyclic tension-compression tests on
unnotched specimens, the material specific stress-strain behavior is determined. The
most commonly used phenomenological model for the description of hysteresis loops is
the Ramberg-Osgood equation (Eq. 2.7) [135] in combination with the Masing model
(Eq. 2.8) [55, 56, 108, 134]. For materials, which reveal symmetric hysteresis loops, like
most steel or aluminum-base alloys at room temperature, the calculated hysteresis loops
reveal an adequate correlation with experiments.
εt = εel + εpl =
σ
E
+
( σ
K ′
) 1
n′
(2.7)
∆εt = ∆εel + ∆εpl =
∆σ
E
+ 2
(
∆σ
2K ′
) 1
n′
(2.8)
The Ramberg-Osgood equation Eq. 2.7 describes the initial loading curve for an assumed
cyclic stabilized material behavior. This curve is called “cyclic stress-strain curve (CSSC).”
The determination of the cyclic strength coefficient K ′ and the cyclic strain hardening
exponent n′ is based on hysteresis loops at half of fatigue life (0.5Nf). The values for K ′
and n′ can be determined by compatibility conditions directly from the parameters of
the strain-life curve (Eq. 2.9) [55].
n′ =
b
c
and K ′ =
σ′f
(ε′f)n
′ (2.9)
Another method to determine K ′ and n′ is based on two interpolation points in the
plastic region of the experimentally determined CSSC [135] by
a =
log
(
ε1 − σ1
E
)
log
(
ε2 − σ2
E
) , K ′ = 10a log σ2−log σ1a−1 , and n′ = log σ1K′
log
(
ε1 − σ1
E
) . (2.10)
Figure 2.17a shows the cyclic stress-strain curve of the alloy ME21, determined with the
compatibility conditions (Eq. 2.9) directly from the values of the strain-life curve, shown
in Fig. 2.15. The used values of E, K ′, and n′ are listed in Fig. 2.17a and also used for
Fig. 2.17b. The initial loading curve is calculated by Eq. 2.7 and the following curves
are calculated by Eq. 2.8. For each hysteresis branch, the relative coordinate system
(∆ε, ∆σ) is rotated by 180° (Fig. 2.17a). Steps 1-2-1, with the values below the figure,
result in one closed hysteresis loop with a point symmetric shape (Fig. 2.17a).
When modeling stress-strain curves for load cases with variable amplitudes, the material
memory must be considered. Haibach [56] reported that there are three types of material
memory. Figure 2.17b illustrates a calculated stress-strain curve with seven load steps
and the listed values below the graphs, where the three types of material memory occur
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(m1, m2, and m3). The initial loading curve is the cyclic stress-strain curve (CSSC).
According to Haibach [56], the memory behavior is explained as follows:
 if a hysteresis loop, which began on the CSSC, is closed, the stress-strain curve
follows the CSSC again (m1, steps 1-2-1)
 if a hysteresis loop, which began on an arbitrary hysteresis branch, is closed, the
stress-strain curve follows the superior hysteresis branch again (m2, steps 5-6-5)
 a hysteresis branch, which began on the CSSC, ends, when the point of symmetry
is reached on the opposite site (example: step 3, ε = 1.4 %, point of symmetry is at
ε = −1.4 %); from there the curve follows the CSSC again (m3, e.g. steps 3-4)
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Figure 2.17: (a) Cyclic stress-strain curve (CSSC) and one closed hysteresis loop; (b)
stress-strain curves, which follow the material memory; both figures were
determined by Eqs. 2.7 and 2.8 and the parameters listed in (a); dashed
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Calculation of the Local Stress-Strain Behavior Using Plasticity Correction
At a critical location, such as notch root, the local stress and strain must be determined
for a given load-time function. Figure 2.18a shows a notched component with indicated
stress concentration at the notch root. In such a case, the nominal stress for assumed
linear elastic behavior σe can exceed the yield stress and thus, local plastic deformations
occur. Different methods exist to determine the local strain εl and local stress σl values
at the notch root [55]: experimental determination, e.g. with a strain gauge, elasto-
plastic finite element simulation, and approximation methods. For numerical fatigue
calculations, cyclic elasto-plastic finite element simulations are very time consuming [55].
Thus, approximation methods were commonly used for numerical fatigue calculations,
with the Neuber’s rule [118] used most commonly [55, 145].
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The Neuber’s rule explains that the theoretical elastic stress concentration factor Kt =
σe/σn is the geometrical mean of the effective stress and strain concentration factors Kσ
and Kε [145]
Kt =
√
KεKσ (2.11)
with Kε as the ratio of the maximum local strain εl to the nominal strain εn and Kσ as
the ratio of the maximum local stress σl to the nominal stress σn. The nominal stress σn
and nominal strain εn are related to the net section of the notched specimen. Originally,
the Neuber’s rule was developed for shear loaded sharp notches, but it is valid with
sufficient accuracy for other loading types in a wide range of stress concentration factors
[55]. The Neuber’s rule is only valid if plastic deformations occur at the vicinity of a
notch root and the nominal stress is in the elastic range [55]. Using Eq. 2.11, a hyperbolic
curve between the stress-strain point for assumed linear elastic loading (σe and σe/E)
and the local stress-strain point (σl and εl) can be plotted. This curve is called “Neuber’s
hyperbola” (Fig. 2.18b, [55]).
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Figure 2.18: (a) Stress concentration at a notched component as described in [55]; (b)
determination of the local strain εl and local stress σl with the Neuber’s rule
[118]
The local stress σl and strain εl is defined as the intersection point of the Neuber’s
hyperbola and the CSSC (Fig. 2.18b). The CSSC, shown in Fig. 2.18b is the same as in
Fig. 2.17a. The unknown values of σl and εl are determined by
ε =
σ2e
σ E
=
σ
E
+
( σ
K ′
) 1
n′ . (2.12)
Equation 2.12, with the Ramberg-Osgood equation (Eq. 2.7) as elasto-plastic material
law, is used for the first loading. The described procedure must be repeated for each load
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reversal. To calculate the values for all further reversals, the Ramberg-Osgood equation
2.7 is replaced by the Masing equation (Eq. 2.8) [108, 145]
∆ε =
∆σ2e
∆σ E
=
∆σ
E
+ 2
(
∆σ
2K ′
) 1
n′
. (2.13)
After calculating the local stress σl and strain εl values, the shapes of the hysteresis
loops are calculated for the whole load-time function. Thus, the fatigue parameter can
be determined for each hysteresis loop, which is explained in the next paragraph.
Determination of the Damage Increment per Cycle and Damage
Accumulation
Using the stress-strain curves determined in previous steps with the Neuber’s rule and
the Masing model, the damage increment per cycle can be calculated. Figure 2.19 shows
an example of hysteresis loops with the corresponding peak values of the stress σ and
strain ε. The example reveals three different closed hysteresis loops: the envelope loop
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1-4-1, the first inner loop 2-3-2, and the second inner loop 5-6-5. The loop 2-3-2 occurs
50 times and the loop 5-6-5 occurs 200 times within one envelope hysteresis loop.
Using the example of the Smith-Watson-Topper parameter (Eq. 2.5) and the strain-life
curve of ME21 shown in Fig. 2.15, the fatigue parameter is calculated as follows:
PSWT (loop 1-4-1) =
√
σmax εaE =
√
144 MPa · 0.02 · 44,000 MPa = 356 MPa, (2.14)
PSWT (loop 2-3-2) =
√
σmax εaE =
√
119 MPa · 0.005 · 44,000 MPa = 162 MPa, (2.15)
PSWT (loop 5-6-5) =
√
σmax εaE =
√
52 MPa · 0.005 · 44,000 MPa = 107 MPa. (2.16)
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With Eq. 2.6, the number of cycles to failure Nf for each hysteresis loop is
Nf (loop 1-4-1) = 11.2, Nf (loop 2-3-2) = 802, and Nf (loop 5-6-5) = 9,910. (2.17)
The strain amplitude for both inner loops is 0.5 %. It can be observed that loop 5-6-5
reveals a quite large Nf in comparison to loop 2-3-2, caused by the influence of the mean
stress σm. The Palmgren-Miner rule [55, 112, 128] is used to accumulate the damage
increment per cycle
D =
n∑
i=1
Di =
1
11.2
+
50
802
+
200
9,910
= 0.172. (2.18)
The damage of one full loop from step 1 to step 6 including all 250 inner hysteresis loops
is 0.172. This leads to a theoretical fatigue life of the considered material of 5.82 full
loops.
2.5.2 Energy Based Approach
In addition to stress and strain values, the strain energy density per cycle can also be
used to define a fatigue parameter. Early investigations on the strain energy density
per cycle as fatigue parameter for steel were carried out by Halford [57], who found a
correlation between the plastic strain energy density per cycle ∆Wpl and the number of
cycles to failure Nf . Figure 2.20 shows different energy density components, which can be
used for fatigue models (e.g. [36, 52, 57, 81, 130]). The plastic strain energy density per
cycle ∆Wpl represents the dissipated energy due to plastic deformation. Golos, Ellyin,
and Koh (e.g. [52, 81]) investigated the fatigue life of steel alloys and found that ∆Wpl
does not account for the mean stress effect. They reported that the tensile elastic strain
energy density per cycle ∆Wel+ is suitable to consider the influence of the mean stress
σm. The fatigue parameter used in [52] and [81], is a summation of ∆Wpl and ∆Wel+.
It is called “total strain energy density ∆Wt” in [52, 81] and “combined strain energy
density without weighting per cycle ∆Wcomb,ww” in [37]:
∆Wt = ∆Wcomb,ww = ∆Wpl + ∆Wel+. (2.19)
The small area between ∆Wpl and ∆Wel+ is caused by pseudoelastic unloading and is
called “tensile pseudoelastic strain energy density per cycle ∆Wpsel+.” In [37], it was
found that ∆Wpsel+ is very small in comparison to the other components and can be
neglected when defining a fatigue parameter.
The only difference between the local strain approach and the energy based approach
is the definition of the fatigue parameter. Energy based fatigue parameters such as
∆Wt can be used for fatigue life calculations instead of stress and strain based fatigue
parameters like PSWT. All further steps of the fatigue life calculation are equal to the
steps of the local strain approach (section 2.5.1).
Background and Literature Review 35
∆
∆
∆
Figure 2.20: Definition of different strain energy density components using a stabilized
hysteresis loop of AM50 magnesium alloy sheet metal
2.6 Fatigue of Magnesium Alloys – Overview
2.6.1 Uniaxial Tension-Compression Tests
The most important findings of early fatigue investigations on magnesium alloys and
the fatigue life dependencies such as corrosion, temperature, and surface structure, are
summarized in [125, 133]. According to this, Wagner [147] was the first researcher
who determined stress-life curves for magnesium alloys [133]. The majority of stress-
controlled fatigue tests on magnesium alloys cover the medium-cycle fatigue (MCF) and
the high-cycle fatigue (HCF) range. The focus is on >104 cycles to failure (e.g. [110]).
Low-cycle fatigue (LCF) tests require advanced test equipment such as servo-hydraulic
test systems with the possibility of strain-control and data recording. During the last
twenty years more and more research facilities were equipped with such test systems and
thus, a growing number of strain-controlled LCF tests have been carried out (e.g. [28,
59, 95, 121, 136]). Some low-cycle fatigue studies concentrate on describing the cyclic
deformation behavior (e.g. [157, 162, 167]) and other studies additionally focus on a
fatigue evaluation (e.g. [7, 62, 121]).
In most of the available low-cycle fatigue investigations on wrought magnesium alloys, the
standard Manson-Coffin-Basquin (MCB) approach [14, 29, 107] was used to describe the
fatigue life to crack initiation (number of cycles to failure Nf). Table 2.4 gives an overview
of available uniaxial tension-compression fatigue investigations on wrought magnesium
alloys, in which the Manson-Coffin-Basquin approach was applied.
In Table 2.4 it can be seen that most studies discuss the fatigue behavior of extruded
semifinished products. Fewer fatigue investigations were carried out on rolled plates
(e.g. [96, 121, 155]) and very little on sheet metals (e.g. [38, 99, 104]). Lugo et al.
[99] investigated the low-cycle fatigue behavior of AZ31 plates, extrusions, and thin
sheets. They found that sheet metals show a longer fatigue life in comparison to plates
and extrusions. In general, the majority of low-cycle fatigue investigations on wrought
magnesium alloys concentrate on the alloy AZ31. The alloys AM50 [28], AM30 [17],
ZK60 [164], AZ61 [142, 165], or AZ91 [96] have been used less often. Completely
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Table 2.4: Overview of uniaxial tension-compression fatigue investigations on wrought
magnesium alloys using the Manson-Coffin-Basquin approach
investigation process and alloy load conditions Nf -range
Noster et al. [121] roll. AZ31 Rε; Rσ = −1 101 - 106
Renner [136] extr. AZ31, AZ80,
LAE442
Rε = −1, 0 102 - 106
Hasegawa et al. [59] extr. AZ31B-F Rε = −1;−1 < Rσ < 0 103 - 106
Chen et al. [28] extr. AM50 Rε = −1 102 - 104
Lin et al. [95] extr. AZ31B Rε = −1 102 - 107
Begum et al. [17] extr. AM30 Rε = −2, −1,−0.5,
0, 0.5
103 - 108
Begum et al. [16] extr. AZ31 Rε = −1 102 - 108
Matsuzuki et al. [109] extr. AZ31 Rε = −1 102 - 105
Kwon et al. [90] extr. AZ31 Rε = −1 102 - 104
Huppmann et al. [67] extr. AZ31 Rε; Rσ = −1 102 - 107
Wu et al. [155] roll. AZ31B Rε = −1 101 - 104
Lv et al. [104] roll. AZ31 Rε; Rσ = −1 102 - 108
Shiozawa et al. [142] extr. AZ31, AZ61, AZ80 Rε; Rσ = −1 102 - 104
Geng et al. [51] extr. AZ31B Rε = −∞ 102 - 104
Lugo et al. [99] extr., roll. AZ31 Rε = −1 103 - 107
Dallmeier et al. [38] roll. AZ31B,
extr. ME21
Rε; Rσ = −1 101 - 106
reversed strain-controlled tests were carried out by many researchers, applying the
Manson-Coffin-Basquin approach (Table 2.4) with plastic and elastic strain components
as fatigue parameters. Some investigations were carried out using additionally completely
reversed stress-controlled test conditions (e.g. [67, 142]). Huppmann [67] found that the
Manson-Coffin-Basquin approach correlates well in such cases.
A lot of strain-controlled tests were carried out in the Nf -range of equal or more than
103, where a high correlation of the experimental results and the Manson-Coffin-Basquin
approach was achieved. In tests in the region of 101 < Nf < 10
3, twinning and detwinning
plays an important role for the cyclic plastic deformation. It was identified that the
plastic strain components reveal a bilinear trend in the log-log scale of the strain-life
diagram [38, 67, 109]. To achieve an adequate correlation with experiments, a bilinear
regression function was applied to divide the plastic strain into a slip dominant and a
twin dominant region [38, 67, 109]. Strain-life curves with a twin dominant and a slip
dominant region were also found in [93, 164, 165], showing different characteristics in the
transition region like a gap or a kink.
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It is well known that the mean stress σm considerably influences the fatigue life of
metallic materials. In the case of cast magnesium alloys, Ogarevic and Stephens [125]
showed an overview of early investigations concerning the influence of the mean stress
σm. It was found that mean stress correction methods are mostly based on stress-life
approaches [125]. Different mean stress correction methods such as Smith-Watson-Topper
(SWT) [144], Morrow [54], and Lorenzo et al. [97] were investigated by Goodenberger
and Stephens [53] using an AZ91 cast magnesium alloy. Accordingly, the results of the
Morrow and SWT correction methods are slightly outside the ±2x scatter band in the
non-conservative region. Considerable deviations, especially within the high-cycle fatigue
range (Nf > 10
5), were found using the model of Lorenzo et al. [53].
Only few investigations were done using mean stress correction models on wrought
magnesium alloys and considering different stress and / or strain ratios (e.g. [59, 96, 130,
165]). Hasegawa et al. [59] carried out completely reversed strain-controlled tests and
stress-controlled tests with different stress ratios on extruded AZ31. They compared
the mean stress correction models of SWT, Morrow, Lorenzo et al., and a modified
method, where the SWT model and the modified method showed the best results. The
SWT model was applied on the ZK60 wrought magnesium alloy by Yu et al. [164].
The corresponding tests were carried out under completely reversed strain-controlled
conditions with medium-sized mean stress σm values at some strain amplitudes. A high
correlation was reached with a single three-parameter curve. Recently, Lin et al. [96]
developed a stress based fatigue model for rolled AZ91 plates using a modified Basquin
approach for the mean stress correction. The model shows a higher correlation within
the investigated range > 102 cycles to failure Nf in comparison to the SWT model.
As explained in section 2.5, stress, strain, and strain energy density approaches may be
utilized to model the fatigue behavior of magnesium alloys. In the last few years, energy
based fatigue models have been applied on wrought magnesium alloys. An overview
of previous energy based fatigue investigations on wrought magnesium alloys is given
in Table 2.5. Again, the alloy AZ31 was mostly considered and Shiozawa et al. [142]
compared different magnesium alloys. Park et al. [130] compared stress, strain, and strain
Table 2.5: Overview of previous uniaxial tension-compression fatigue investigations on
wrought magnesium alloys using energy based fatigue models
investigation process and alloy load conditions Nf -range
Park et al. [130] roll. AZ31B Rε = −1, 0.5;
Rσ = −1, 0
102 - 104
Hong et al. [62] roll. AZ31 Rε = −1 102 - 104
Albinmousa et al. [7] extr. AZ31B Rε = −1 102 - 105
Shiozawa et al. [142] extr. AZ31, AZ61, AZ80 Rε; Rσ = −1 102 - 104
Behravesh [18] roll. AZ31B-H24 Rε = −1 102 - 107
energy density values as a function of the number of cycles and found that the plastic
strain energy density per cycle ∆Wpl is the most constant parameter over the fatigue life
for rolled AZ31. It was discovered that the total strain energy density per cycle ∆Wt
(Eq. 2.19) is adequate to predict the fatigue life at different stress and strain ratios [130].
38 Background and Literature Review
Albinmousa et al. [7] carried out uniaxial cyclic tension-compression as well as cyclic
torsion tests and achieved a high correlation between experiments and calculation with
one set of material constants by using ∆Wt. Furthermore, Shiozawa et al. [142] tested
the alloys AZ31, AZ61, and AZ80 and reported the possibility to describe the fatigue life
with one single regression function for all three alloys using ∆Wt as fatigue parameter.
The majority of fatigue investigations on wrought magnesium alloys consider only few
stress or strain ratios and sometimes only a low number of specimens were used. Figure
2.21a gives an overview of previously used strain ratios and Fig. 2.21b shows previously
used stress ratios. It can be seen that different studies consider quite different stress and
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Figure 2.21: Visualization of most commonly investigated (a) strain ratios and (b) stress
ratios; Begum et al. [17], Ishihara et al. [70], Lin et al. [96], Park et al.
[130], Yu et al. [165]
/ or strain ratios. To develop a fatigue parameter, which considers the influence of mean
stress σm, it is important to cover a wide range of stress and strain ratios. A further
limitation, especially of the energy based fatigue studies, is that only a narrow range of
cycles to failure was considered (e.g. 102 < Nf < 10
4, see Table 2.5).
2.6.2 Modeling of the Stress-Strain Behavior
As explained in section 2.5.1, the calculation of a fatigue parameter requires the knowledge
of the hysteresis loop shape, which is usually described by the Ramberg-Osgood equation
[135] in combination with the Masing model [108]. The Masing model works well only
for completely convex and point symmetric hysteresis loops without pseudoelastic strain.
A high correlation is reached for some steel and aluminum alloys. However, Zenner and
Renner [167] reported a large deviation between experiments and the Masing model
at extruded AZ31 and extruded AZ80 due to sigmoidal hysteresis loops. Similar large
deviations were found in [38] for AZ31B and ME21 sheet metals. The sigmoidal shape
cannot be modeled with the Masing model.
Within the last decade, constitutive models to describe the stress-strain curves of magne-
sium alloys were developed and modified (e.g. [18, 91, 92]). Lee [91] and Li [92] aimed
on the finite element simulation for large deformations and finite strains on magnesium
sheet metals, e.g. for deep drawing simulations. The developed models consider the
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asymmetric and the anisotropic material behavior. In [91, 92], different loading paths such
as tension-compression-tension were used to compare experimentally with numerically
determined stress-strain curves, showing reasonably good agreements for comparatively
large strain ranges (ε > 3 %). A constitutive model with the focus on the fatigue analysis
of spot welded magnesium sheets was developed by Behravesh et al. [18, 19]. This model
reproduces hysteresis loops in the fatigue relevant strain range (ε ≤ 3 %) most accurately
in comparison to the other models described in [91, 92]. Nevertheless, the model is not
tested for variable amplitude load cases.
In general, the mentioned constitutive models ([18, 91, 92]) were developed for 2D and
3D finite element analyses. The most important advantage is the possibility to calculate
the stress and strain distribution in the entire domain. A large disadvantage of the
mentioned constitutive models is the large simulation time for load cases with several
cycles.
To conduct numerical fatigue calculations on wrought magnesium alloys using the local
strain concept, the most important requirements are:
 modeling sigmoidal and asymmetric hysteresis loops
 adequate correlation with fatigue experiments under variable amplitude loading
including different mean stresses and mean strains up to large number of cycles
 high numerical efficiency
The models mentioned above did not fulfill all of these requirements, which is why they
are not suitable for variable amplitude fatigue investigations on wrought magnesium
alloys. Within this work (section 7.2), a phenomenological model is developed with
the focus on a fast and accurate prediction of the shape of hysteresis loops at variable
amplitude loading, including hysteresis loops at different mean stresses σm. This model
can be used to get the necessary measures, such as stress, strain, and strain energy
density components, for fatigue calculations.
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3 Materials and Experimental Procedure
3.1 Investigated Magnesium Alloys
Within this thesis, sheet metals out of three different wrought magnesium alloys were
used for mechanical tests:
 twin roll cast AM50 magnesium sheet metal with nominal thickness of 1.2 mm,
provided by the Magnesium Flachprodukte GmbH (MgF)
 twin roll cast AZ31B magnesium sheet metal with nominal thickness of 1.2 mm,
provided by the Magnesium Flachprodukte GmbH (MgF)
 extruded ME21 magnesium sheet metal with nominal thickness of 1.5 mm, provided
by the Stolfig GmbH
Table 3.1 lists the chemical composition of the used alloys. The chemical composition
of AM50 was measured via atomic emission spectroscopy by Hoppach [64] (Table 3.1)
and fulfills the tolerances given in the standard ASTM B951 - 11 [173]. The chemical
composition of AZ31B sheet metals fulfills the tolerances given in the standard ASTM
B90 / 90M - 13 [172]. Values for ME21 were determined by Huppmann et al. [66], where
further details about the material can be found. Kawalla et al. [77, 78] described the
Table 3.1: Chemical composition of the investigated sheet metal alloys in weight percent
(... = not known)
elements AM50 MgF [64] AZ31B MgF [172] ME21 Stolfig [66]
Al 5.26 2.5 - 3.5 ≤ 0.01
Mn 0.37 0.2 - 1.0 2.10
Zn 0.086 0.6 - 1.4 ≤ 0.015
Ce ... ... 0.70
Si 0.020 ≤ 0.1 ≤ 0.015
Ca < 0.001 ≤ 0.04 ...
Fe 0.0032 ≤ 0.005 ...
Ni 0.0012 ≤ 0.005 ...
Cu < 0.001 ≤ 0.05 ...
Th ... ... 0.14
Nd, Pr, Y ... ... ≤ 0.065
other impurities ≤ 0.1 ≤ 0.3 ...
Mg balance balance balance
twin roll casting process in detail. The effective sheet width at the pilot twin roll casting
plant in Freiberg is 650 mm.
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The surfaces of the AZ31B and AM50 sheet metals were ground after the rolling process,
which lead to a low surface roughness. ME21 sheet metals were not ground after the
extrusion. Using some random samples of the considered alloys, the average surface
roughness was measured. The average surface roughness Rz of all AZ31B and AM50
sample is in the range of Rz = 0.6 − 1.2µm. ME21 samples reveal a larger surface
roughness in the range of Rz = 4 − 10µm.
3.2 Microstructural Investigations
Microstructural characterizations were carried out on the sheet metal surface (in normal
direction) of new sheet metals at the alloys AZ31B and ME21. For the alloy AM50, the
microstructure was captured in three spatial directions on sheet metals before loading.
To investigate the correlation between the microstructure and the mechanical properties,
the microstructure was captured additionally after loading using the example of AM50.
Small samples with a length of approximately 10 - 20 mm were cut from sheet metals
with the precision table top cutoff machine “Struers Accutom-5.” Samples from sheet
metals before loading were embedded with the mounting press “Struers LaboPress-3” and
the mounting consumable “Struers PolyFast.” In contrast, samples, which were taken
from loaded specimens, were directly ground, polished, and etched after cutting without
embedding to avoid detwinning during the hot embedding process at 180 ◦C (e.g. [120]).
Using the grinding machine “Bu¨hler MetaServ 250,” the samples were ground in three
steps with 300 grit, 600 grit, and 1,200 grit silicon carbide paper. New sheet metal
samples were polished in the polishing machine “Struers RotoPol-11” with the polishing
slurry “Struers OP-S 0.04µm.” Loaded sheet metal samples were electrolytically polished
in the polishing machine “Struers LectroPol-5” with the electrolyte “Struers AC2” and
the following properties – flow rate 15, area 2 cm2, voltage 30 V, duration 60 s. Finally
all samples were etched with picric acid solution, which contains 4.2 g picric acid, 6 ml
acetic acid, 20 ml H2O, and 100 ml ethanol. Finally, the microstructure was captured
with the optical microscope “Leitz Laborlux 12ME.”
The texture was measured for the alloys AZ31B, AM50, and ME21 on the surface of
the sheet plane. For this purpose, the X-ray diffractometer “Seifert XRD 3000 PTS”
(CrKα) at the University of Magdeburg was used. Specimens for X-ray diffraction were
only cut from sheet metals and ground. Subsequently, scans were carried out for the
(0002), the {101¯0}, and the {101¯1} reflections.
3.3 Specimens for Mechanical Tests
All mechanical test specimens were milled from the sheet metal while keeping their
nominal thickness. Figure 3.1 shows one of two fixtures, which were used for the milling
of the specimens. Before milling, rectangular pieces were cut from the new sheet metals
before loading and placed in the fixture. Six specimens were milled simultaneously using
the milling fixture. With the milling process, a deviation of maximum ± 0.01 mm is
reached for all predefined measures. To provide adequate material constants for fatigue
calculations, it is expedient to use the same or a lower surface roughness as reached by the
original manufacturing process. Thus, the milling process was modified to reach a surface
roughness, which matches the original sheet metal surface roughness (Rz = 0.6 − 1.2µm)
and all edges were deburred.
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Figure 3.1: Milling fixture for the machining of specimens
Three specimen shapes were used within this work. Figure 3.2a shows the shape of
standard dog bone specimens, used for quasi-static tests on AZ31B and ME21 (denoted
by shape (a)). The shape in Fig. 3.2b, denoted by shape (b), was used for cyclic tests on
all alloys and for quasi-static tests on AM50. The dimensions of shape (b) are defined
in the Stahl-Eisen testing guideline SEP1240 [178]. For the determination of the elastic
constants Young’s modulus E and Poisson’s ratio ν, parallel strips with a width of 30 mm
were used. Some quasi-static and cyclic tests were carried out in the compressive load
Figure 3.2: (a) Specimen shape for quasi-static tests, used for AZ31B and ME21; (b)
specimen shape for quasi-static tests on AM50 and for cyclic tests on all
alloys; thickness = sheet metal thickness; dimensions in mm
range. For this, two adequate steel buckling guides were used, one for each specimen
geometry. The buckling guides allow the application of about 12 % compressive strain
before first buckling occurs. Hence, the tests were stopped before rupture when 10 %
compressive strain was reached. Figures 3.3a and b show the buckling guide for the
specimen geometry from Fig. 3.2b. The opened buckling guide with a specimen is visible
in Fig. 3.3a. Figure 3.3b additionally shows the second half of the buckling guide with the
specimen between both halves. The specimen is placed with four centering pins to ensure
a precise adjustment in the test rig. To minimize friction, a 0.2 mm thick self-adhesive
PTFE-foil was placed between the specimen and the buckling guide (Fig. 3.3a). The
buckling guide for specimen shape (a) looks similar and is shown in [38].
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Figure 3.3: Buckling guide for the specimen geometry from Fig. 3.2b; (a) opened buckling
guide with specimen; (b) specimen inside the two halves of the buckling guide
3.4 Quasi-Static Tests
A Zwick Z150 universal tensile testing machine with crosshead displacement control
was used for all quasi-static tests, which were carried out at room temperature between
18 ◦C and 22 ◦C. The crosshead velocity was chosen in order to reach an initial strain
rate of 10−3/s within the parallel specimen length. Figure 3.4 shows the test setup for
quasi-static tensile tests. For these tests, the strain sensor “Zwick multiXtens” (Fig. 3.4)
was used to measure the strain until fracture. At tensile tests, the Young’s modulus and
the Poisson’s ratio were determined with additional strain sensors. In tensile direction
the extensometer “Sandner EXA25-2.5u” and in transverse direction, the extensometer
“Sandner EXA10-0.5x” were used. All extensometers were calibrated with the calibration
device “Sandner KED20” before each test series. The extensometer “Sandner EXA25-
2.5u” was used for all quasi-static compressive tests on specimen shape (a) as illustrated
in [38].
3.5 Cyclic Tests
3.5.1 Test Procedure
Most of the cyclic tests were carried out on a servo hydraulic test system. These tests
comprise the cycle range 101 < Nf ≤ 106. In general, all cyclic tests were carried out using
the buckling guide independent of the load ratio. The magnetic resonance test system
“SincoTec Power Swing Mag Professional 50 kN” was used to conduct completely reversed
stress-controlled tests on AZ31B and ME21 in the cycle range 5 · 103 < Nf ≤ 5 · 106.
Furthermore, the fatigue behavior in the region 5 · 106 < Nf ≤ 108 was investigated using
three AM50 RD specimens. All cyclic tests were done at room temperature similar to
quasi-static tests.
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Figure 3.4: Test setup for quasi-static tensile tests
Cyclic strain-controlled tests on AZ31B and ME21 were carried out on a servo hydraulic
test rig with a 7 kN cylinder and the servo hydraulic tests on AM50 were carried out on
a similar test rig with a 25 kN cylinder. On both cylinders, a “Moog” valve with 5 lpm,
an “Instron Labtronic 8800” controller, and a “Sandner EXA10-0.5x” extensometer (Fig.
3.5) for strain measurement and control were used. Similar to quasi-static tests, the
extensometer was calibrated before each test series. Figure 3.5 shows the servo hydraulic
test rig, which is equipped with a 25 kN cylinder. The fixed specimen with the mounted
extensometer can be seen, too. It is placed on the thickness side of the specimen because
the buckling guide precludes a mounting on the wide side. This method accords with
[178]. In all cyclic tests, either the strain or the stress was controlled.
Figure 3.6 shows a special test, which was carried out on two specimens to determine the
local strain. For this, the strain gauge “HBM K-KY4-3-01-120-0” with a gauge length of
0.6 mm was bonded on the thickness side of each specimen opposite to the extensometer.
The test setup with buckling guide is the same as in all other cyclic tests. As control
variable, the extensometer strain was used. Both specimens were tested with the rolling
direction (RD) parallel to the loading direction by means of completely reversed tests.
Using a triangular waveform, the total strain amplitude was 0.6 % and the test frequency
0.5 Hz, resulting in a strain rate of 1.2 · 10−2/s.
In all other cyclic tests with constant amplitudes, a sinusoidal waveform was applied. To
avoid heating of the specimen during the test, test frequencies f were chosen between
0.01 Hz and 50 Hz. Low frequencies are applied in case of high load amplitudes and high
frequencies in case of low load amplitudes. During stress-controlled tests, where the
compressive yield stress is exceeded, a high plastic strain is expected in the first few
cycles. In such cases, the test frequency was changed from very low to higher frequencies
Materials and Experimental Procedure 45
1 
 
 
 
 
extensometer 
Figure 3.5: Servo hydraulic test rig with a fixed specimen inside the buckling guide and
mounted extensometer
Figure 3.6: Opened buckling guide, specimen with applied extensometer, and additional
strain gauge
after the first 10 cycles. At regular intervals, the specimen temperature was measured
with the infrared thermometer “Voltcraft IR 800-20D.” Only insignificant temperature
changes were determined. A triangular strain-time function is controlled within all
variable amplitude tests with a strain rate between 10−3/s and 10−1/s. This is necessary
to achieve an adequate number of data points per reversal. All test frequencies are chosen
in order to apply a very low strain rate in cases of plastic deformation. This is necessary
to minimize the effect of the strain rate on the shape of the stress-strain curves.
To achieve the nominal value of the control variable as fast and as accurate as possible,
the control parameters of the servo hydraulic test rig were optimized. Especially at
unstable material behavior due to abrupt twinning, accurate control parameters are
mandatory to achieve stable test conditions.
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3.5.2 Data Recording and Evaluation
For a precise observation of the cyclic deformation behavior, test results of all cyclic servo
hydraulic tests with constant amplitudes are recorded as listed in Table 3.2. Recordings
are made with 100 data points per hysteresis loop. The first twenty hysteresis loops are
recorded at each test, since the most significant changes of the stress-strain behavior
occur in this period. Before testing, the number of cycles to break into two pieces Nb
was estimated in order to choose the recording sequence for a specimen. In tests with
variable amplitudes, all hysteresis loops are recorded until failure with at least twenty
data points per hysteresis loop.
Table 3.2: Recording of hysteresis loops in servo hydraulic constant amplitude tests as a
function of cycles to break into two pieces Nb
Nb recording
≤ 103 1 - Nb
103 < Nb ≤ 104 1 - 20, 30, 40, ..., ≈ Nb
104 < Nb ≤ 105 1 - 20, 100, 200, ..., ≈ Nb
105 < Nb ≤ 106 1 - 20, 1000, 2000, ..., ≈ Nb
In all cyclic constant amplitude and variable amplitude tests, the engineering strain
and engineering stress were controlled. Nevertheless, noticeable deviations between
engineering and true stress and strain values occur at strains larger than 3 %. To achieve
accurate evaluations of hysteresis loops, the engineering stress and strain values were
converted into true stress and strain values. For this, the logarithmic strain ln(l/l0) was
used and the true stress is defined as force divided by the actual section, assuming volume
constancy (νpl = 0.5). To distinguish between both definitions the subscript (e) denotes
“engineering” and subscript (t) denotes “true” values. Strain energy density components
are numerically integrated with the trapezoidal rule, based either on experimentally
determined data (e.g. crosses in Fig. 2.20) or on model based data. All regression
functions shown within this work were determined with the method of least squares.
3.5.3 Definition of the Fatigue Life
As explained in section 2.5, fatigue life prediction methods such as the local strain
approach (section 2.5.1) typically consider the life until the initial macroscopic crack
initiation [55], denoted by “number of cycles to failure Nf .” During fatigue tests, the
macroscopic crack initiation can be determined by different methods. Within this study,
Nf is determined indirectly by evaluating the cyclic deformation behavior.
To determine Nf for strain-controlled tests, the progression of the maximum stress σmax(t)
as a function of the number of cycles N is evaluated (Fig. 3.7a). It strongly decreases at
the last recorded hysteresis loops until the specimen breaks into two pieces. A regression
line is defined between the maximum stress σmax(t) at 0.5Nb and 0.75Nb (Fig. 3.7a). The
number of cycles to failure Nf is defined for all strain-controlled tests as the number of
cycles N , where the regression line and the actual maximum stress σmax(t) of a hysteresis
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loop relatively deviate 10 % from each other (vertical line in Fig. 3.7a). This method is
suggested in [178]. Examples of the same material with other specimens were illustrated
in [37].
In stress-controlled tests, the progression of the maximum strain εmax(t) strongly increases
in the last recorded hysteresis loops (Fig. 3.7b). In such cases, Nf is defined as the number
of cycles N at an absolute deviation of 0.05 % strain between the actual maximum strain
εmax(t) of a hysteresis loop and the strain of the regression line at the same cycle (Fig.
3.7b). The consideration of an absolute deviation is necessary, because εmax(t) is in some
cases in the range of zero. Thus, the use of a relative deviation would lead to a large
scatter.
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Figure 3.7: Determination of cycles to failure Nf (a) for strain-controlled tests and (b)
for stress-controlled tests; example of AM50 in RD
The range between Nf and Nb with maximal 0.2Nb is generally small. Furthermore,
many specimens break abruptly between two recorded hysteresis loops. In such cases,
the number of cycles to break into two pieces Nb and the number of cycles to failure Nf
were considered as equal and the last recorded hysteresis loop is defined as Nf .
3.6 Overview of all Performed Mechanical Tests
Five quasi-static tests were carried out on all three alloys in each direction (ED, RD,
and TD) and in tensile and compressive load direction with an initial strain rate ε˙0 of
10−3/s. Using five parallel strips per direction and per alloy, stiffness measurements (E
and ν) were carried out in tensile tests. To evaluate the influence of the strain rate ε˙ on
the mechanical properties, four additional ME21 specimens were tested with the initial
strain rates: ε˙0 = 10
−4/s, 10−3/s, 10−2/s, 10−1/s (section 5.3). Two additional AM50
RD specimens were used for quasi-static compressive tests to investigate the formation
of twin bands (section 5.4).
Cyclic completely reversed stress- and strain-controlled constant amplitude tests were also
carried out on all three alloys AM50, AZ31B, and ME21 (Tables 3.3 and 3.4). To analyze
the material scatter, a comparatively large number of AM50 RD specimens were used for
stress- and strain-controlled tests. Furthermore, AM50 specimens were used to determine
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the difference in the fatigue life between RD and TD. Cyclic tests on AZ31B and ME21
were carried out in RD or ED. The load steps are distributed to cover the cycles to failure
Nf -range most uniformly from 10
1 to 106. Tables 3.3 and 3.4 list the minimum and
maximum applied total strain amplitudes εa,t(e) or stress amplitudes σa(e). Specimens,
which did not reach Nf until N = 5 · 106 at completely reversed stress controlled tests
and until N = 106 at all other cyclic tests, are defined as run out specimens and the tests
were stopped. Three AM50 RD specimens were used to investigate the cycle range from
N = 106 to N = 108.
Table 3.3: Overview of the performed cyclic completely reversed strain-controlled constant
amplitude tests (Rε(e) = −1)
material test direction number of specimens min εa,t(e) [%] max εa,t(e) [%]
AM50 RD 58 0.26 4.0
AM50 TD 18 0.24 3.0
AZ31B RD 22 0.24 2.5
ME21 ED 25 0.15 2.5
Table 3.4: Overview of the performed cyclic completely reversed stress-controlled constant
amplitude tests (Rσ(e) = −1)
material test direction number of specim. min σa(e) [%] max σa(e) [%]
AM50 RD 48 115 250
AM50 TD 22 110 250
AZ31B RD 9 90 140
ME21 ED 11 50 90
Similar to quasi-static tests, two additional AM50 RD specimens were used for cyclic com-
pletely reversed strain-controlled tests (Rε(e) = −1) to determine the strain distribution
(Fig. 3.6) within the gauge section.
For the investigation of the fatigue life at different mean strains and mean stresses, tests
with different stress and strain ratios were carried out using the example of AM50. The
number of specimens per ratio (Rε(e) or Rσ(e)) and the load range is listed in Table 3.5.
Additional fatigue tests were carried out with variable amplitude load-time functions.
For these tests, specimens out of the alloy AM50 in RD were used. All in all, 22
variable amplitude tests were carried out with 11 different load-time functions. These
tests were strain-controlled and the maximum strain amplitude per specimen is in the
range 0.4 % ≤ εa,t(e) ≤ 3 %. To quantify the cyclic stress relaxation behavior in variable
amplitude tests, four additional specimens were tested.
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Table 3.5: Overview of the performed asymmetric cyclic stress- and strain-controlled
constant amplitude tests on AM50 in RD
ratio number of specim. min εa,t(e) or σa(e) max εa,t(e) or σa(e)
Rσ(e) = −∞ 2 150 MPa 150 MPa
Rε(e) = −∞ 7 0.26 % 1.4 %
Rσ(e) = −2 8 97.5 MPa 202.5 MPa
Rσ(e) = −0.5 9 97.5 MPa 187.5 MPa
Rσ(e) = 0 12 75 MPa 130 MPa
Rε(e) = 0 10 0.16 % 1.4 %
Rσ(e) = 0.5 9 45 MPa 65 MPa
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4 Microstructure and Texture
4.1 Microstructure Before Loading
4.1.1 Sheet Metal Surface
Figure 4.1 shows representative micrographs of the investigated wrought magnesium
alloys. All three alloys reveal a homogeneous microstructure with small grain sizes (Table
4.1, Fig. 4.1). The grain sizes, listed in Table 4.1, are determined by the linear intercept
method from more than 400 grains per material and direction. It can be seen in Fig.
4.1 that the microstructures of AM50 and AZ31B are quite similar. One reason for this
is that AM50 and AZ31B are manufactured by the same twin roll casting process at
the Magnesium Flachprodukte GmbH. Furthermore, AM50 and AZ31B have the same
thickness (1.2 mm). Extruded ME21 sheet metals with a thickness of 1.5 mm exhibit a
four times larger grain size in the range of 20µm (Table 4.1). The differences between
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Figure 4.1: Microstructures of the three investigated magnesium sheet metals; RD and
ED ↑, TD →
RD and TD and between ED and TD were found to be negligible (Table 4.1). On the
grain boundaries and inside the grains of ME21, the black dots are Mg-Ce precipitates
[66]. Refer to [66] for more details about microstructural investigations on ME21. In
general, a negligible amount of twins were found on the sheet metal surface of the sheet
metal before loading at all three alloys (Fig. 4.1). The grain size of approximately 5µm
Table 4.1: Average grain sizes on the surface of the investigated magnesium sheet metals
AM50 AZ31B ME21
RD TD RD TD ED TD
average grain size [µm] 4.8 4.8 5.2 5.3 22 23
standard deviation [µm] 0.4 0.5 1.0 1.0 4.7 4.8
at AM50 and AZ31B is very low in comparison to other wrought magnesium semifinished
products. Table 4.2 lists an overview of the grain sizes of other wrought magnesium
semifinished products, which were used for fatigue investigations. The considered rolled
sheets reveal a thickness ≤ 5 mm and the plates > 5 mm. It can be seen that the grain
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size in the majority of semifinished products is larger than 10µm. The most important
advantage of low grain sizes is the larger yield stress, which is predicted by the Hall-Petch
relationship [13, 126].
Table 4.2: Average grain sizes of different wrought magnesium semifinished products
investigation alloy semifinished product average grain size [µm]
Koike and Ohyama [83] AZ61 rolled sheet 20
Park et al. [129] AZ31B rolled plate 50
Li et al. [93] AZ61A extruded tube 20
Park et al. [130] AZ31 rolled plate 30
Lv et al. [104] AZ31 rolled sheet 10
Lv et al. [105] AZ31 extruded plate >10
Chang et al. [27] AM31 rolled sheet 5
4.1.2 Different Spatial Directions
Using the example of AM50, the microstructure was captured in all spatial directions
(Fig. 4.2). Similar to the sheet metal surface, the average grain size of AM50 is also about
5µm in the other spatial directions. The in-plane direction dependency of the grain size
in the other spatial directions is also negligibly low. To show the homogeneity of the
microstructure on the sheet metal surface, a larger area is shown in Fig. 4.2. Only a very
small amount of oversized grains are visible. The largest grain on the surface of AM50
sheet metals was found to be about 25µm. To investigate the microstructure over the
whole thickness of the sheet metals, microstructural investigations were made on AM50
and AZ31B by Nußbaumer [123] and evaluated within Figs. 4.3a and b. Over the whole
specimen width, five micrographs were captured in three different vertical positions per
alloy. It can be seen that the microstructure of AM50 (Fig. 4.3a) is quite homogeneous
over the whole thickness. Nevertheless, in the middle of the sheet metal, some larger
grains were found with maximum grain sizes of about 30µm. In case of the AZ31B
sheet metals, the microstructure over the sheet metal thickness is less homogeneous in
comparison to AM50 (Fig. 4.3b). The grain size is rising from about 5µm at the sheet
metal surface to about 20µm in the center. In some cases, very large unrecrystallized
grains with length of up to 100µm were found in the center of the sheet metal. However,
the mechanical properties of AM50 and AZ31B sheet metals are quite similar and the
material scatter is low as shown in chapter 5.
4.2 Crystal Orientation Before Loading
Results of the X-ray diffraction measurements are illustrated in Fig. 4.4 for AM50 and
AZ31B and in Fig. 4.5 for ME21. Pole figures were determined for the (0002), the {101¯0},
and the {101¯1} reflections. It was found that the (0002) reflection visualizes the main
texture component. Thus, only (0002) pole figures are illustrated in Figs. 4.4 and 4.5.
52 Microstructure and Texture
1 
 
 
 
 
RD 
10 μm 
TD 
TD 
ND
100 μm
10 μm 10 μm 
TD
ND
RD RD 
TD RD 
Figure 4.2: Microstructure of AM50 in three spatial directions and overview of the
microstructure on the specimen surface with lower magnification
All three alloys reveal a strong basal texture with high intensity levels. The c-axis of
AM50 and AZ31B sheet metals is tilted by approximately 5◦ from the normal direction
towards the rolling direction at the maximum pole intensity (Fig. 4.4). In case of ME21
sheet metals, the tilting angle is approximately 20◦ from the normal direction towards the
extrusion direction at the maximum pole intensity (Fig. 4.5). Such strong basal textures
are typical for magnesium sheet metals and were also found in [83, 98, 104]. As described
in section 2.2.2, mechanical twinning depends on the loading direction relative to the
grain orientation. Thus, strong basal textures lead to an asymmetric and anisotropic
mechanical behavior, which is shown in detail in further sections.
Using the examples of AM50 and ME21, the pole figures are evaluated to quantify the
extent of the pole eccentricity, which can be used to explain the activation of different
deformation modes. An important measure to quantify the main texture component
(0002) is the basal plane tilt angle ∆ψ from ND towards RD, ED, or TD. Koike and
Ohyama [83] suggested to use the half of full width at half maximum of the pole intensity
(FWHM) for this quantification. In Figs. 4.4 and 4.5, the positions of the half maximum
intensities are indicated for AM50 and ME21. For AM50, the half FWHM from ND
towards RD is about 13.5◦ and from ND towards TD, it is about 16.5◦. For ME21, the
half FWHM from ND towards ED is about 8.58◦ and from ND towards TD, it is about
17.1◦. These measures are used in section 5.1 to explain the anisotropic elongation after
fracture between RD and TD.
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Figure 4.3: Microstructure of (a) AM50 and (b) AZ31B at five positions distributed over
the sheet metal thickness and three representative positions in RD
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5 Experimental Investigation of the Quasi-Static Behavior
Within this chapter, the quasi-static mechanical behavior of the three investigated alloys
is described. The stress-strain curves of the alloys are compared and the quasi-static
mechanical properties are listed. These properties are the arithmetic mean value out of
five tests. All plotted curves are from specimens, which match the mean values most
accurately. Information about the stiffness and microyielding behavior is given in section
5.2. Most quasi-static tests were carried out using the initial strain rate ε˙0 = 10
−3/s.
Using the example of ME21, the influence of the strain rate is described in section 5.3. A
noticeable effect, which is observable in compressive tests, is the formation of twin bands
in combination with serrated flow. These effects are explained in sections 5.4 and 5.5.
5.1 General Observations
In Figs. 5.1a and b, the stress-strain curves of five quasi-static tests on AZ31B specimens
in tensile and compressive direction are shown. The load direction is parallel to the
rolling direction (RD). In Fig. 5.1a, the curves are shown until fracture. The tests,
shown in Fig. 5.1b, were stopped at 10 % compressive strain before fracture. Figures
5.1a and b illustrate the material scatter in tensile and compressive direction. They
show that the scatter is very low. This indicates that both, the specimen quality and
the test procedures for this thesis are reliably accurate. The most important difference
1 
 
  
 
0
100
200
300
0 10 20 30
st
re
ss
 σ
(e
)
[M
Pa
]
strain ɛ(e) [%]
AZ31B RD
5 specimens
0
100
200
300
400
0 3 5 8 10
|st
re
ss
 σ
(e
)|
[M
Pa
]
|strain ɛ(e)| [%]
AZ31B RD
abrupt twinning
tests stopped before 
rupture
5 specimens
(a) (b)
Figure 5.1: Stress-strain curves of five quasi-static tests on AZ31B specimens, tested in RD
with an initial strain rate ε˙0 of 10
−3/s; (a) tensile tests and (b) compressive
tests
between the mechanical behavior in tensile and compressive direction is the yield stress.
Due to twinning, the yield stress in compressive direction is significantly lower than in
tensile direction and a nearly zero strain hardening rate is reached until the whole gauge
section is twinned (5.4). This tension-compression asymmetry was found in most wrought
magnesium semifinished products, investigated in other studies (e.g. [98, 121, 129, 148]).
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In Figs. 5.2a and b, stress-strain curves of quasi-static tests on the three investigated
alloys AM50, AZ31B and ME21 are compared. The corresponding mechanical properties
are listed in Table 5.1.
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Figure 5.2: Stress-strain curves of quasi-static tests on AM50, AZ31B, and ME21 speci-
mens, tested in RD and TD with an initial strain rate ε˙0 of 10
−3/s; (a) tensile
tests and (b) compressive tests
AM50 and AZ31B reveal very similar mechanical properties. This is valid for the tensile
and the compressive direction. On average, AM50 sheet metals reveal slightly higher
values in comparison to AZ31B (Table 5.1). Due to the four times larger average grain
size of ME21, the tensile and the compressive yield stresses are quite lower in comparison
to AM50 and AZ31B, which is in agreement with the Hall-Petch relationship [13, 126].
The Hall-Petch parameters, determined by Ono et al. [126] for rolled AZ31 sheets, were
applied on AZ31B and ME21 sheets metals for the tensile yield stress TYS within [38].
A good agreement with only small deviations was reached. The quasi-static behaviors of
AM50 and AZ31B differ only slightly between RD and TD (Table 5.1). At AM50, the
ultimate tensile strength UTS and the tensile yield stress TYS are nearly identical in
RD and TD. At AZ31B, UTS and TYS are about 20 MPa higher in RD than in TD.
At ME21, the UTS is about 10 MPa and the TYS about 30 MPa higher in TD than in
ED. In contrast to the observations in tensile direction, differences in the compressive
yield stresses between ED / RD and TD are very low for all three alloys. The maximum
difference between RD and TD under compressive loading was found at AM50 with about
15 MPa. Due to the strong basal texture of all three alloys, twinning in compressive
direction is similarly possible in RD and TD.
A characteristic, occurring in all three alloys, is that the tensile elongation after fracture
Atens in transverse direction (TD) is quite lower in comparison to the rolling or extrusion
direction (Figs. 5.2a and b, Table 5.1). For AM50, the tensile elongation after fracture
Atens in TD is only 46 % compared to RD. The values for AZ31B and ME21 are 25 %
and 52 %, respectively. During the tensile deformation, the TD specimen surface reveals
rough slip lines indicating a strong localization of the deformation. Thus, multiple cracks
are formed on the specimen surface, finally leading to early failure. Comparing RD
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Table 5.1: Quasi-static mechanical engineering properties of the investigated magnesium
sheet metals, determined in [36–38]
alloy
AM50 AZ31B ME21
RD TD RD TD ED TD
E [GPa] 45± 1 45± 1 45± 1 45± 1 44± 2 35± 2
TYS [MPa] 212± 2 217± 2 222± 2 201± 2 121± 3 151± 3
CYS [MPa] −135± 4 −149± 4 −122± 4 −123± 4 −64.9± 3 −66.7± 3
UTS [MPa] 292± 2 288± 2 286± 2 269± 2 195± 3 208± 3
Atens [%] 27.3± 3 12.6± 3 31.7± 3 8.05± 2 19.3± 2 10.4± 2
Acomp [%] > 9 > 9 > 9 > 9 > 9 > 9
ν [−] 0.33
± 0.02
0.32
± 0.02
0.31
± 0.02
0.32
± 0.02
0.25
± 0.02
0.26
± 0.02
and TD specimens after tensile testing, RD specimens show necking of about 10 % local
reduction of area after rupture. Necking did not appear in the TD specimens.
An explanation for the different elongations after fracture of AM50, AZ31B, and ME21
is given by Koike and Ohyama [83]. It is postulated that the possibility of activating
prismatic slip is a function of the (0002) pole eccentricity, quantified by half of full width
at half maximum (FWHM) of the pole intensity (section 4.2). Koike and Ohyama [83]
investigated AZ61 sheet metals with a grain size of about 20µm and found that the
values of the half FWHM are 18.3◦ from ND towards RD and 12.4◦ from ND towards
TD. In this example, the tensile elongation after fracture Atens in TD is three times
larger than that in RD. In [83], a critical tilt angle of 16.7◦ is postulated, below which
prismatic <a> slip can be activated and a large Atens can be obtained. However, it is
mentioned that the geometrical criterion is only valid for sheet metals with a grain size
of 20µm or larger. Using the example of ME21 with a similar grain size (22 - 23µm),
the half FWHM from ND towards ED is about 8.58◦ and from ND towards TD, it is
about 17.1◦. The proposed critical tilt angle of 16.7◦ [83] lies between both values. In
contrast, the values of the half FWHM at AM50 are about 13.5◦ from ND towards RD
and about 16.5◦ from ND towards TD (section 4.2). The critical tilt angle may be lower
for smaller grain sizes. Even though the angle from ND towards TD at AM50 is slightly
below 16.7◦, the low values of Atens suggest that prismatic <a> slip was not activated.
This is a possible explanation for the lower Atens, obtained in TD at AM50.
5.2 Stiffness and Microyielding
A magnified view of the stress-strain curves of quasi-static tests up to 2 % strain is
shown in Fig. 5.3a for AM50 and in Fig. 5.3b for ME21. In each figure, the tensile and
compressive stress-strain curves of RD / ED and TD specimens are plotted. Within the
figures, the initial 45 GPa-line is plotted to visualize deviations from the linear elastic
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behavior. Additional 45 GPa-lines, which are shifted by 0.2 % strain, are plotted. The
intersection points of the stress-strain curves and the shifted 45 GPa-lines define the yield
stresses (Figs. 5.3a and b).
For AM50, tensile stress-strain curves show three stages of deformation: linear elastic
deformation, microyielding plastic deformation, and macroyielding plastic deformation.
In compressive direction, only linear elastic and macroyielding plastic deformation occur.
Tensile microyielding plastic deformation starts at about 150 MPa. A very high strain
hardening rate between about 150 MPa and 200 MPa stress is reached. A similar behavior
was found by Xiong et al. [157] for extruded ZK60. They reported that microyielding is
most likely provoked by the operation of basal slip in favorably oriented grains. Tensile
macroyielding at AM50 starts at about 200 MPa with a low strain hardening rate. After a
plateau of about 0.3 %, the strain hardening rate is rising and continuously decreasing at
strains larger than 2 %. Based on the findings of Koike and Ohyama [83], macroyielding
until fracture may be caused by an interaction of basal slip and prismatic slip (section 5.1).
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Figure 5.3: Tensile and compressive stress-strain curves up to 2 % strain of (a) AM50
and (b) ME21; curves of the same specimens as shown in Figs. 5.2a and b
Under compressive loading, macroyielding starts directly after linear elastic deformation
in the case of AM50 (Fig. 5.3a). The nearly zero strain hardening rate is caused by
abrupt twinning. In contrast, at ZK60 microyielding additionally occurs in compressive
direction after elastic deformation [157]. In this case, the stress level for microyielding
is below the compressive yield stress CYS, where distinct twinning occurs. With the
exception of different tensile elongations after fracture Atens, the yielding behavior in
rolling direction (RD) and transverse direction (TD) is similar. This is valid for tensile
and compressive direction.
At ME21 (Fig. 5.3b), linear elastic deformation occurs only at the beginning of defor-
mation. Microyielding starts slightly above the origin at about 10 MPa in tensile and in
compressive direction. A pronounced linear elastic behavior does not exist. It is obvious
that ME21 reveals a considerably lower stiffness compared to AM50 in tensile and in
compressive direction. In [38], it is shown that the stiffness of ME21 increases under
cyclic loading within the first few cycles, but it never reaches the 45 GPa-line apart from
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the origin. This is valid for ED and TD. The microyielding smoothly changes over to
macroyielding with a continuously decreasing strain hardening rate (Fig. 5.3b).
The elastic constants Young’s modulus E and Poisson’s ratio ν (Table 5.1) were determined
from the tensile load curves at nearly stabilized states. To achieve this state, the parallel
strips, used as specimens, were loaded and unloaded three times. For AM50 and AZ31B,
the loading and unloading was carried out from 0 MPa to 200 MPa and for ME21 from
0 MPa to 150 MPa. The difference between the three cycles in the tensile stress-strain
curve up to 200 MPa was very low at AM50 and AZ31B. However, the difference between
the first and the subsequent cycles is significant for ME21 as discussed in [38]. The
Young’s modulus E was determined between 0 MPa and 10 MPa stress and the Poisson’s
ratio ν was determined between 0.05 % and 0.2 % strain. With values between 0.31 and
0.33 for AM50 and AZ31B, ν is close to that of pure magnesium, which is 0.35 [46].
However, ν is significantly lower at ME21 with values between 0.25 and 0.26. In general,
the stiffness and yielding behavior of AZ31B is very similar to that of AM50 (Fig. 5.3a).
5.3 Influence of the Strain Rate
It is well known from other metallic materials such as steel that the strain rate influences
the mechanical behavior (e.g. [137]). To quantify the influence of the strain rate on the
mechanical properties of magnesium sheet metals, additional tensile tests were carried
out using four different strain rates ranging over four decades. The initial strain rates
range from ε˙0 = 10
−1/s to ε˙0 = 10−4/s. Figure 5.4 shows the stress-strain curves of
these four specimens. Due to the crosshead displacement control, the initial strain rate
ε˙0 is given, which decreases slightly during the test. The initial strain rate ε˙0 = 10
−3/s
is equal to all other quasi-static tests. As shown in [137] for steel sheets, the ultimate
tensile strength is rising and the elongation after fracture is decreasing with rising strain
rates.
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The most distinct changes are recognized for the UTS and the Atens. Over the whole
investigated range of the initial strain rate ε˙0, the mechanical properties change as listed
below:
 ε˙0 = 10
−1/s: UTS = 237 MPa, TYS = 132 MPa, Atens = 10.3 %
 ε˙0 = 10
−4/s: UTS = 191 MPa, TYS = 116 MPa, Atens = 19.8 %
On average, the ultimate tensile strength UTS rises approximately 15 MPa per decade
within the investigated range. The elongation after fracture Atens decreases by about
3 % per decade. Within the elastic range, the differences are very low. As seen in
Fig. 5.4, the curves coincide in this range. The tensile yield stress TYS rises as low
as approximately 5 MPa per decade. A similar observation was made by Xiong et al.
[157] in tensile and compressive direction using the example of extruded ZK60. Two
strain rates with a difference of about one decade were tested in tensile direction. The
difference in compressive direction is about half a decade. In [157], a similar tendency is
observed in tensile direction in comparison to ME21. However, in compressive direction
the stress-strain curves nearly coincide [157]. The knowledge of the strain rate influence
is useful for the evaluation of stress-strain hysteresis loops in cyclic tests.
5.4 Twin Bands in Compressive Tests
In quasi-static compressive tests and in cyclic tests, where the compressive yield stress
was exceeded, twin bands were detected on the specimens. Twin bands are nearly parallel
macroscopic bands, which range over the whole specimen width. Furthermore, they are
visible to the naked eye on the specimen surface. Figure 5.5 illustrates twin bands of
one specimen at different applied compressive strains ε(e). The strain values are noted
below the specific stage and the points are indicated on a compressive stress-strain curve
of a similar specimen. White brackets indicate the position and the width of the twin
bands. Twin bands were recognized at all three investigated alloys in RD, ED, and TD.
To describe these twin bands, AM50 specimens with load direction in rolling direction
were used.
Two specimens were tested for the evaluation shown in Fig. 5.5 with an initial strain rate
of 10−3/s. Similar to other tests in the compressive region, a buckling guide was used
during the tests. Thus, the specimen was unloaded to 0 MPa stress and the buckling
guide as well as the extensometer were removed after each strain step to capture a photo.
For this purpose, a standard photo camera was used. Afterwards, the buckling guide
and the extensometer were fixed on the same specimen again and the procedure was
repeated with the next larger strain load. The noted strain values ε(e) are the maximum
applied compressive strain values before unloading. First twin bands were identified
between the strain values of −0.34 % < ε(e) < −0.32 % on both specimens. They were
recognized by means of a stress drop in the online display of the stress-strain curve.
Slightly below ε(e) = −3 %, the whole gauge section was twinned (Fig. 5.5). Images
of the second specimen are shown in [37], where the whole gauge section was twinned
between ε(e) = −2 % and ε(e) = −3 %. The compressive stress is rising, if most of the
gauge section is twinned (see stage 5). To capture the microstructure, the specimen was
prepared for microstructural characterization on the reverse side. The surface on the
front side (Fig. 5.5) was protected with a self-adhesive plastic foil, which was removed
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Figure 5.5: Development of twin bands at different strain values in quasi-static compres-
sive tests with significant micrographs; load direction = RD = →; stages are
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after each microstructural recording. In Fig. 5.5, the microstructure is illustrated for
three different stages. Other examples are shown in [37].
The critical resolved shear stress CRSS for twin formation is simultaneously reached in
many grains. This effect is caused by the strong basal texture, illustrated in Fig. 4.4.
Thus, small stress hikes caused by the formation of individual twins, lead to twinning in
the neighbor grains until the twin band grows across the whole specimen width. The
strain hardening rate is nearly zero until the whole gauge section is twinned (Fig. 5.5).
Most of the twins, illustrated in Fig. 5.5, are {101¯2}<101¯1> tension twins, which is
indicated by the strong basal texture of the investigated AM50 sheet metal. This texture
favors the formation of {101¯2}<101¯1> tension twins under the given load direction
(section 2.2.2). An important finding is that twins were only generated inside twin bands,
whereas outside the twin bands, no twins were detected (Fig. 5.5 at ε(e) = −2.0 %). Most
of the twins reveal a lenticular shape, which is also typical for {101¯2}<101¯1> tension
twins [82]. At small compressive strain (e.g. ε(e) = −0.34 %), the twin density inside the
first twin bands is low. With increasing compressive strain, the width of the twin bands
rises. Furthermore, the twin density inside the twin bands rises from narrow twins to
wide twins (e.g. at ε(e) = −2.0 %). This behavior was also reported by Al-Samman and
Hong et al. [8, 63]. With increasing compressive strain after twinning of the complete
gauge section, the twin density is rising further. In [63, 69], it is explained that twins
can consume whole grains, which is also visible in the micrograph at ε(e) = −5.0 % in
Fig. 5.5. Due to this effect, the twin density in this micrograph appears to be lower.
Nevertheless, in [63], a similar micrograph is shown with the corresponding pole figure,
which proves the large twin density.
Similar to the present observations, twin bands were detected by Baird et al. [11]. They
were found during a three-point bending test on AZ31 sheet metals with a strong basal
texture. The twins were also arranged like bands. Outside the bands, no twins were
detected. Baird et al. [11] explained the formation of twin bands by localized stresses,
which are generated during twinning at twin tips. These localized stresses catalyze twin
nucleation in neighboring grains. It was additionally mentioned that such a multiplication
of twins propagates in the strongly textured initial microstructure [11].
5.5 Serrated Flow
Serrated flow is attributed to the formation and growth of twin bands in the investigated
alloys. It occurs until the whole gauge section is twinned (Fig. 5.5). A magnified view of
two compressive stress-strain curves is illustrated in Fig. 5.6. The stress-strain curve
of a test with ε˙0 = 10
−3/s is the same as illustrated in Fig. 5.5. The second curve is
taken from the raw data of a cyclic test, where a larger strain rate was applied in the
initial loading curve. The formation and growth of twin bands lead to local stress drops,
visible in Fig. 5.6. Serrated flow is also referred to as the Portevin-Le Chatelier effect
[94] and is attributed to dynamic strain aging [28]. Several parameters influence the
shape of the serrations in the stress-strain curves. The most important ones are the test
temperature [154, 168], strain rate [31, 94, 154, 168], alloying elements [31], and load
direction [28, 164].
As shown in Fig. 5.6, the curve with the approximately two decades larger strain rate
reveals a very smooth progression. Evaluating stress-strain curves of the wrought
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Figure 5.6: Magnified view of compressive stress-strain curves of AM50 in RD, determined
at two different initial strain rates
magnesium alloy WE43, Zhu and Nie [168] reported that an increase in the strain rate
can entirely suppress serrations. Some other studies show that increasing strain rates
provoke smoother stress-strain curves with fewer serrations (e.g. [31, 94, 154, 168]).
In some studies (e.g. [31, 154]), serrated flow was attributed to a special dislocation
slip behavior. In these studies, serrated flow occurred also under tensile loading. In
contrast, serrated flow was not observed in quasi-static tensile tests at any alloy within
this work. Serrated flow at magnesium alloys, caused by distinct twinning, is reported in
[94, 164]. The largest serrations were reported to be caused by a simultaneous formation
of numerous twins [94]. After exceeding the CYS, Yu et al. [164] found serrated flow in
the first cycle of a strain-controlled cyclic test on the alloy ZK60. It is mentioned that
each serration is accompanied by a strain burst. This behavior is similar to that shown
in Figs. 5.5 and 5.6. In general, serrated flow was detected at all three investigated alloys
in RD, ED, and TD (Figs. 5.2b, 5.3a, and 5.3b).
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6 Experimental Investigation of the Cyclic Deformation
Behavior
As described in sections 2.5.1 and 2.5.2, hysteresis loops are used to calculate the
necessary values for fatigue parameters. Within this chapter, the shape of hysteresis
loops at several different situations is investigated. The strain rates were chosen in order
to reach representative hysteresis loops (section 3.5.1), which are comparable between
each other. Differences, caused by different strain rates (section 5.3), are avoided as best
as possible. The analysis of the cyclic deformation behavior within this work is done in
constant amplitude load cases as well as variable amplitude load cases. With constant
amplitudes, the cyclic deformation behavior is investigated in stress- and strain-controlled
tests (section 6.1). These tests are carried out using different stress and strain ratios
for AM50 to study the influence of the mean stress. Using the example of AM50, the
difference between RD and TD was analyzed. In completely reversed strain-controlled
tests, the three alloys AM50, AZ31B, and ME21 are compared.
At some tests, large strains are reached. Thus, the difference between true and engineering
stress and strain values is comparatively large. Figure 6.1 illustrates four different
hysteresis loops, which are plotted with engineering and true stress and strain values.
The difference between both methods mainly depends on the absolute strain values. As
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Figure 6.1: Illustration of the difference between engineering and true stress and strain
using four different hysteresis loops
expected, the difference between both methods is very low at absolute strain values
below ε = 2 %. At the hysteresis loop with εa,t(e) = 3 %, noticeable deviations occur.
Comparatively large deviations occur at both examples on the left-hand side and on the
right-hand side with large mean strains. It was found in [37] that a higher correlation
is reached for the fatigue parameter if true stress and strain values are used. Thus, all
evaluations within this chapter are done using true stress and strain values.
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6.1 Constant Amplitude Tests
Within this section, the shape of hysteresis loops (sections 6.1.1, 6.1.2, 6.1.4, 6.1.5)
and the cyclic hardening behavior (section 6.1.6) are described for tests with constant
amplitudes. Twin bands were also found in cyclic strain-controlled tests, which are
evaluated in section 6.1.3. Furthermore, the change of the used fatigue parameters as a
function of the fatigue life is investigated in section 6.1.7.
6.1.1 Completely Reversed Stress- and Strain-Controlled Tests
Strain-Controlled Tests on AM50 RD
Using the example of the alloy AM50, Fig. 6.2a illustrates large hysteresis loops of
completely reversed strain-controlled tests (Rε(e) = −1) up to a total strain amplitude of
εa,t(e) = 4 %. In Fig. 6.2b, small hysteresis loops at the same conditions (Rε(e) = −1) are
shown. All hysteresis loops in Figs. 6.2a and b were recorded at half of the fatigue life
0.5Nf and are regarded as stabilized.
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Figure 6.2: Hysteresis loops of AM50 at completely reversed strain-controlled tests in
RD, recorded at 0.5Nf ; (a) large hysteresis loops and (b) small hysteresis
loops
It is described in section 5.4 that twinning in quasi-static tests starts at strain values
between −0.34 % < ε(e) < −0.32 %. This strain region, where distinct twinning was first
detected, is also valid for cyclic tests on the alloy AM50. Thus, the hysteresis loops at
strain amplitudes εa, t(e) ≤ 0.32 % appear as a straight line with a negligible hysteresis
area (Fig. 6.2b). At larger strain amplitudes, larger hysteresis areas occur and the plastic
deformation by cyclic twinning and detwinning is dominating. The twinning-detwinning
behavior is explained in section 2.4.3 and was the subject of several investigations (e.g.
[98, 109, 120, 157]). A sigmoidal shape at ascending reversals, which is indicated in
Fig. 6.2b, can be first recognized at total strain amplitudes of 0.4 % < εa,t(e) < 0.6 %.
At strain amplitudes in the range of 0.6 % ≤ εa,t(e) ≤ 1.6 %, inflection points can be
recognized only in the ascending reversal. This behavior indicates that twinning is not
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exhausted and the specimen is able to form more twins under compressive load. At
larger total strain amplitudes (e.g. εa,t(e) = 4 %), distinct twinning is exhausted. This
means that a large twin density is reached and only a small amount of additional twins
can be formed. Thus, an inflection point can be recognized in the descending reversal
additionally. In Fig. 6.2a two inflection points are indicated at the hysteresis loops with
εa,t(e) = 2.8 % and εa,t(e) = 4 %.
Comparison with Other Alloys
A comparison of AM50, AZ31B, and ME21 is given in Figs. 6.3a and b. In Fig. 6.3a,
large stabilized hysteresis loops are illustrated. It can be seen that AM50 and AZ31B
reveal nearly identical hysteresis shapes. This similarity is in correlation with similar
quasi-static stress-strain curves of both alloys (Fig. 5.2).
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Figure 6.3: Hysteresis loops at completely reversed strain-controlled tests in RD, recorded
at 0.5Nf ; (a) comparison of AM50, AZ31B, and ME21 at large hysteresis
loops and (b) comparison of AZ31B and ME21 at small hysteresis loops
ME21 sheet metals reveal on average lower stress values if the same strain amplitude
εa,t(e) is applied (Fig. 6.3a). In Fig. 6.3b, small stabilized hysteresis loops of AZ31B and
ME21 are shown. Even at small total strain amplitudes, ME21 reveals lower stress values.
Furthermore, ME21 shows comparatively large hysteresis areas even at very small strain
amplitudes. At these small strain amplitudes, AZ31B shows a linear elastic behavior.
The cyclic deformation behavior of ME21 is in agreement with the quasi-static behavior,
where a noticeable deviation from the linear elastic characteristics is found at very low
stress values (Fig. 5.3).
In the following, all further evaluations within this chapter consider the alloy AM50.
Stress-Controlled Tests on AM50 RD
Figure 6.4a shows stabilized hysteresis loops determined in stress-controlled tests on AM50
(Rσ(e) = −1). The shape appears more symmetric in comparison to strain-controlled tests
at any stress amplitude σa(e). This means, if a sigmoidal shape occurs, it occurs similarly
in the ascending reversal and in the descending reversal. During stress-controlled tests
on AM50, a sigmoidal shape occurs at stress amplitudes σa(e) ≥ 170 MPa. The inflection
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points are indicated on the hysteresis loops in Fig. 6.4a. A lenticular completely convex
shape appears for σa(e) < 170 MPa. Similar to strain-controlled tests, the inflection points
in the descending reversals indicate the exhaustion of the twinning capability.
An explanation for the pronounced compressive mean strain εm(t), visible at some
hysteresis loops in Fig. 6.4a, is given in Fig. 6.4b. Figure 6.4b illustrates the hysteresis
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Figure 6.4: Hysteresis loops of AM50 at completely reversed stress-controlled tests in
RD; (a) different stabilized hysteresis loops, recorded at 0.5Nf ; (b) hysteresis
loops of one specimen at different life fractions
loops of a completely reversed stress-controlled test on AM50 at different life fractions:
the first ten loops, the loop at 0.5Nf , and the loop at 0.9Nf . A peculiar effect was found
at completely reversed stress-controlled tests Rσ(e) = −1 after exceeding the compressive
yield stress CYS. Before the CYS is reached, the cyclic deformation is nearly linear elastic,
visible in the initial loading curve in Fig. 6.4b. As seen in the quasi-static compressive
stress-strain curves (Fig. 5.2b), a nearly zero strain hardening rate exists until a strain
of −3 % is reached, after which the compressive stress is rising. Thus, a large plastic
compressive deformation occurs until the controller reaches the predefined stress value
and the specimen comprises a high number of twins as shown in Fig. 2.12. During the
following tensile half-cycle, a large amount of twins is removed (Fig. 6.4b). The hysteresis
area of this specimen is considerably larger at every life fraction in comparison to a
specimen where CYS is not exceeded. Distinct cyclic hardening occurs in the first cycles
and the sigmoidal shape changes into a convex lenticular shape (Fig. 6.4b). Hasegawa et
al. [59] found a similar behavior at the same test conditions at extruded AZ31B bars.
This behavior was also explained by cyclic hardening [59].
If the compressive yield stress CYS is exceeded in cyclic stress-controlled tests, the
controller tries to reach the predefined stress value with the specified speed in order
to follow the specific waveform. Due to the nearly zero strain hardening rate, the
controller must increase the speed to reach the predefined stress in the predefined time.
An evaluation of the raw data shows that the maximum strain rate in the first cycle was
about 3 · 10−1/s, similar to the stress-strain curve shown in Fig. 5.6. The predefined test
frequency for the specimen in Fig. 6.4b was 0.2 Hz. Similar to the example of Fig. 5.6,
the strain rate is high enough that no serrated flow occurs. An identical behavior was
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found in the first cycle of all stress-controlled tests. Due to the fact that the compressive
stress is only rising if nearly the whole gauge section is twinned, no local twin bands were
detected in any stress-controlled tests.
It can be seen in Fig. 6.4b that the most pronounced change of the hysteresis shape
due to cyclic hardening is reached within the first ten cycles. Between 0.5Nf and 0.9Nf
only negligible differences are visible. After exceeding the CYS, very large plastic strain
amplitudes were reached, leading to low fatigue lives. The fatigue life of the specimen
from Fig. 6.4b is only 670 cycles. Hysteresis loops of a similar test with 5 MPa lower
stress amplitude is located in the nearly linear elastic region (Fig. 6.4a). This specimen
achieved 17,500 cycles to failure Nf . It is explained in section 8.1 that this effect leads to
a wide gap in stress-life curves at completely reversed stress-controlled tests.
6.1.2 Influence of the Anisotropy
Figures 6.5a and b illustrate a comparison between hysteresis loops with load direction in
rolling direction (RD) and transverse direction (TD). Three different load amplitudes are
shown in case of strain-controlled tests (Fig. 6.5a) and in case of stress-controlled tests
(Fig. 6.5b). Other examples are illustrated in [37]. At quasi-static stress-strain curves of
AM50 (Fig. 5.3a), a noticeable difference between RD and TD is observed. Nevertheless,
strain-controlled hysteresis loops nearly coincide (Fig. 6.5a). Especially at total strain
amplitudes εa,t(e) > 0.5 %, most other investigations show a large difference between the
hysteresis shapes in manufacturing direction and transverse direction (e.g. [71, 72, 104,
105, 155, 156]). Other studies display that extruded wrought magnesium semifinished
products possess larger anisotropies [71, 72, 105, 156] in comparison to rolled ones [104,
155]. This behavior is caused by different textures of the semifinished products. Strong
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Figure 6.5: Comparison of hysteresis loops of AM50 RD and TD specimens; (a) strain-
controlled tests and (b) stress-controlled tests; recorded at 0.5Nf
basal textures, which are available at the three investigated alloys (AM50, AZ31B, and
ME21), lead to lower differences between RD / ED and TD.
Figure 6.5b shows a comparison of stress-controlled hysteresis loops in RD and TD for
three stress amplitudes σa(e). The differences between RD and TD are very low. However,
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small differences can be observed at large stress amplitudes. On rolled AZ91 plates, Lin
et al. [96] found only small differences between RD and TD hysteresis loops in the range
before exceeding the compressive yield stress CYS.
In general, the fatigue life is considerably lower in TD in comparison to RD. An evaluation
of the raw data reveals that the illustrated RD specimens (Figs. 6.5a and b) tolerate,
on average, the double cycles to failure Nf in comparison to the TD specimens. Due to
the nearly identical hysteresis shape in RD and TD (Figs. 6.5a and b) in combination
with different fatigue lives, the accumulated plastic strain and the plastic strain energy,
which is consumed over the whole fatigue life, are different. The sum of the dissipated
strain energy density per cycle (hysteresis area) over the fatigue life Nf is called “fatigue
toughness” by Halford [57]. Thus, the fatigue toughness of TD specimens is about the half
of that of RD specimens. Halford [57] reported that the fatigue toughness is in correlation
with the tensile elongation after fracture Atens. In case of AM50, the tensile elongation
after fracture in TD is as low as about 46 % in comparison to RD (Fig. 5.2 and Table
5.1). Larger elongations after fracture enable also larger cyclic plastic deformations [57].
A similar behavior was found by Lv et al. [103]. In a further study [105], the difference
between RD and TD in the fatigue life is considered to be caused by an interaction of
three effects: different tensile elongations after fracture, unequal hysteresis shapes, and
different maximum stresses. Out of these three effects, only different tensile elongations
after fracture in RD and TD occur in case of AM50.
6.1.3 Twin Bands at Cyclic Strain-Controlled Tests
Twin bands occur at every of the three investigated strain ratios Rε(e). At completely
reversed strain-controlled tests Rε(e) = −1, eight specimens were used to quantify the
shape and the size of twin bands (εa,t(e) = 0.26 %, 0.28 %, 0.3 %, 0.5 %, 0.6 %, 0.7 %,
0.8 %, and 2 %). In general, twin bands occur in cyclic strain-controlled tests similar
to quasi-static tests (Fig. 5.5). The drawing in Fig. 6.6 gives an overview of the
approximate size of twin bands at cyclic tests. These sizes were measured after the
specimens were broken into two pieces. At quasi-static tests, twin bands start to occur
between −0.34 % ≤ ε(e) ≤ −0.32 %. Nevertheless, first twin bands are found in completely
reversed cyclic tests at εa,t(e) = 0.3 % as illustrated in Fig. 6.6. Due to the fact that
these twin bands are found after the specimen broke into two pieces, it is not exactly
known when these bands were developed. It is also not known how many twins were
detwinned in the last tensile reversal before breaking into two pieces. In Fig. 6.6, it is
visible that two thin twin bands with a width of approximately 0.6 mm and 2 mm are
developed. With rising strain amplitudes εa,t(e), the width of twin bands after rupture is
rising until the whole gauge section is twinned.
The whole gauge section is twinned after failure if a total strain amplitude of only
εa,t(e) = 0.7 % is applied. In contrast, the whole gauge section is twinned not before
strain values between −3 % ≤ ε(e) ≤ −2 % at quasi-static tests. This difference indicates
that twin bands grow with a rising number of cycles, which is explained as follows:
If cyclic hardening occurs within a twin band and thus, the number of residual twins
(undetwinnable twins) is rising, the stress amplitude is also rising. Hence, the CRSS for
twin formation is exceeded in the neighbor regions and the twin bands become larger
with a rising number of cycles.
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Figure 6.6: Drawing of the twin band width as a function of the strain amplitude εa,t(e)
in completely reversed strain-controlled tests and an example of twin bands
with the corresponding microstructure
In most of the analyzed specimens, it was found that the first twin bands occur near
the transition from the parallel gauge section to the radius (e.g. specimen in Fig. 6.6).
This is caused by the stress concentrations at the radii. A finite element simulation has
shown that the maximum first principle stress in the transition region is approximately
11 % larger in comparison to the nominal normal stress in the parallel specimen section,
evaluating the normal stress parallel to the load direction.
At cyclic tests, the microstructure within the twin bands is similar to that at quasi-static
tests. Twins were only found inside the twin bands (Fig. 6.6). The twin density at low
strain amplitudes (εa,t(e) = 0.3 %) appears to be similar in comparison to quasi-static
tests at nearly the same absolute strain (ε(e) = −0.34 %). In [37], it is shown that the
twin density is also nearly the same at cyclic tests εa,t(e) = 2 % and quasi-static tests at
ε(e) = −2 %. Refer to Fig. 5.5 to see the twin density at quasi-static tests.
To understand the strain distribution along the gauge section, strain gauge measurements
were carried out during cyclic tests and are illustrated in Fig. 6.7. For this, a strain
amplitude, where medium size twin bands occur after rupture, was chosen (εa,t(e) = 0.6 %,
Rε(e) = −1) and the extensometer was used for control. The tested specimens tolerate
about 900 cycles to failure at the given load conditions. However, the tests with an
additional strain gauge were stopped at about 100 cycles, because the bonding of the
strain gauge failed until then. The image in Fig. 6.7 was captured after the test was
stopped at about 100 cycles. Outside of the measurement range of the strain gauge, two
twin bands with a width of about 3.5 mm were developed. The applied extensometer
(Fig. 3.6) covered approximately half the width of each twin band.
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extensometer) during the first four cycles (εa,t(e) = 0.6 %, Rε(e) = −1) with
an image of the corresponding specimen, captured after the test
Figure 6.7 illustrates a comparison of the measured strain values of both strain sensors
(strain gauge and extensometer) over the first four cycles. During the first half cycle,
the strain gauge and the extensometer reveal identical values, indicating a correct
measurement. In the following half cycle at a total strain of about ε(e) = −0.36 %, the
strain measured by the strain gauge remained almost constant until the extensometer
reached the predefined strain ε(e) = −0.6 %. This behavior indicates the development of
one or both twin bands. Furthermore, the curve measured by the strain gauge shows
serrations, which are further indications for the formation of twin bands as described in
section 5.5. The remaining total strain of ∆ε(e) = −0.24 % down to ε(e) = −0.6 % was
developed only inside the twin bands. An evaluation of the raw data shows that also the
stress remains nearly constant at ε(e) = −0.36 %.
As explained in section 2.4.3, twins can be pulled out at subsequent tensile loads. Thus,
in the following ascending reversal in the strain range between 0.1 % < ε(e) < 0.3 %, the
curve progression indicates detwinning. At strain values larger than ε(e) = 0.3 %, both
curves coincide again (Fig. 6.7), indicating that most of the twins inside the twin bands
are detwinned. This behavior continues in the following cycles. Hence, the total strain
amplitude εa,t(e) during cyclic deformation is larger inside the twin bands in comparison to
the region outside the twin bands. As described in section 2.4.3 twinning and detwinning
cause cyclic hardening. This leads to a growing number of undetwinnable twins inside
the twin bands. It is expected that new twins are generated in the adjacent regions of a
twin band to accommodate the total strain amplitude εa,t(e) with an increasing number
of cycles. Hence, the twin bands grow in longitudinal direction of the specimen.
6.1.4 Strain-Controlled Tests with Different Strain Ratios
The influence of the strain ratio Rε(e) on the cyclic deformation and fatigue behavior is
investigated on AM50 sheet metals in RD using the example of three different strain ratios:
Rε(e) = −∞, −1, and 0. Figures 6.8a and b show stabilized hysteresis loops at these strain
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ratios with two different total strain amplitudes εa,t(e). The completely reversed test at
εa,t(e) = 0.3 % leads to a negligible low hysteresis area and thus, a negligible low plastic
strain energy density per cycle ∆Wpl(t) (Fig. 6.8a). The strain amplitude εa,t(e) = 0.3 %
is slightly below the limit, where distinct twinning occurs (e.g. Fig. 5.5). At Rε(e) = −∞
and εa,t(e) = 0.3 %, the compressive yield stress CYS was already exceeded. It can be
expected that a noticeable amount of twins were developed, leading to a noticeable
hysteresis area (Fig. 6.8a). Nevertheless, the strain amplitude is small enough that
no distinct twinning and detwinning occur, leading to a symmetric hysteresis shape
without sigmoidal reversals. The nonlinearity of the reversals at Rε(e) = −∞ is caused by
pseudoelastic deformation. Due to the nearly zero strain hardening rate after exceeding
the compressive yield stress (e.g. Fig. 5.2), the stress level remains nearly constant at
Rε(e) = −∞ in comparison to Rε(e) = −1. At Rε(e) = 0, a noticeable hysteresis area
is visible, which is mainly caused by pseudoelastic deformation similar to Rε(e) = −∞.
Nevertheless, CYS was not exceeded at Rε(e) = 0, leading to a lower twin content and
thus, the hysteresis area is lower and the fatigue life is larger. Furthermore, the hysteresis
loop of the specimen at Rε(e) = 0 reveals a larger mean stress σm. At larger strain
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amplitudes (εa,t(e) = 1.4 %, Fig. 6.8b), the shape of stabilized hysteresis loops is nearly
independent of the strain ratio. The hysteresis areas and the stress levels are nearly
identical.
An evaluation of the fatigue life has shown that the small hysteresis areas at Rε(e) = −∞
and Rε(e) = 0 with εa,t(e) = 0.3 % enormously reduce the fatigue life (Fig. 6.8a). The
Smith-Watson-Topper parameter (PSWT =
√
σmaxεa,tE) only considers the total strain
amplitude εa,t and the maximum stress σmax(t), which are identical at Rε(e) = −∞ and
Rε(e) = −1. As shown in [36], PSWT does not calculate accurate fatigue lives in such
cases. The fatigue lives at larger strain amplitudes (εa,t(e) = 1.4 %, Fig. 6.8b) deviate
only slightly between different strain ratios. Similar hysteresis shapes and stress values
indicate this behavior. Another similar example is shown in [36].
Experimental Investigation of the Cyclic Deformation Behavior 73
To investigate the evolution of AM50 hysteresis loops at asymmetric strain ratios over
the fatigue life, Fig. 6.9 illustrates two examples (Rε(e) = −∞ and Rε(e) = 0) at three
different life fractions: the initial loading with the first hysteresis loop, the loop at 0.5Nf ,
and the loop at 0.9Nf . As expected, the first half-cycles of both specimens appear to be
similar to the quasi-static tensile or compressive stress-strain curves (Figs. 5.2a and b).
The applied sinusoidal waveform leads to a maximum strain rate of about 6.3 · 10−3/s.
This strain rate is not high enough to suppress serrated flow (Fig. 6.9), even though it
is six times larger compared to quasi-static tests. This was observed during the initial
plastic deformation in compression. With rising number of cycles, the serrations disappear
almost completely and the slopes of the reversals increase.
The compressive yield stress CYS seems to remain at a constant stress level, independent
of a tensile pre-strain (Fig. 6.9). At large strain amplitudes εa,t(e), the minimum stress
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values are the same at different stress ratios over the whole fatigue life (Fig. 6.8b and Fig.
6.9). At Rε(e) = −∞ the maximum stress σmax(t) is lower in comparison to Rε(e) = 0
over the whole fatigue life. This behavior is caused by a larger absolute twin content due
to a larger compressive pre-deformation. Not all twins can be pulled out in the ascending
reversal, leading to lower tensile stress values. At Rε(e) = −∞ also a pronounced cyclic
hardening behavior is obvious (Fig. 6.9), where the maximum stress σmax(t) is rising
stronger in comparison to the absolute minimum stress |σmin(t)|.
During the first few cycles, the magnitude of cyclic hardening reaches its maximum.
In the range 0.5 - 0.9Nf , only small deviations between the hysteresis loops are visible
(Fig. 6.9). Strong cyclic hardening was found to be caused by an interaction between
twinning, detwinning, and dislocation slip [156, 162, 163, 165]. In these studies, it is
reported that the number of twins and the dislocation density are rising during the first
cycles. This results in a reciprocal obstacle, which is responsible for the formation of
residual twins (undetwinnable twins). An increasing amount of dislocation debris within
the material makes twinning and detwinning more difficult during cyclic deformation
[156]. Thus, the number of residual twins is rising with rising number of cycles [130,
156, 164, 165]. The most pronounced cyclic hardening between the first cycle and 0.5Nf
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was found for Rε(e) = −∞, where the largest twin content occurs. Evaluating the same
strain ratios, Yu et al. [165] found a similar hardening behavior at extruded AZ61A.
An evaluation of micrographs has shown that the highest number of residual twins was
found for Rε(e) = −∞ [165].
6.1.5 Stress-Controlled Tests with Different Stress Ratios
Stress-controlled tests with different stress ratios were carried out to investigate the effect
of mean stress σm(t) on the fatigue life. Very large positive or negative mean stresses can
only be reached in stress-controlled tests. As it can be seen for example in Figs. 6.8a and
b, the mean stress σm(t) is small at strain-controlled tests. To cover the most relevant
stress range, six different stress ratios were investigated. Furthermore, the stress values
were applied in tensile direction up to 20 MPa below UTS and in compressive direction
down until the first buckling was detected. This is the case at stress values lower than
−300 MPa.
Figure 6.10 shows stabilized hysteresis loops at six different stress ratios Rσ(e) similar as
in [34]. At each stress ratio, a representative specimen with a comparatively large stress
amplitude σa(e) was chosen to illustrate the characteristic differences between different
stress ratios. To explain the determination of the strain energy density components at
hysteresis loops with quite different mean stresses σm(t), the plastic strain energy density
per cycle ∆Wpl(t) and the tensile elastic strain energy density per cycle ∆Wel+(t) are
indicated at each specimen. There exist two stress ratios, where special attention is
Figure 6.10: Representative hysteresis loops of stress-controlled cyclic tests on AM50 in
RD at six different stress ratios Rσ(e); recorded at 0.5Nf
necessary: at Rσ(e) = −∞, ∆Wel+(t) is zero and ∆Wpl(t) is nearly zero at every stress
amplitude.
At completely reversed stress-controlled tests (Rσ(e) = −1), the twinning-detwinning
activity was found to be most pronounced in comparison to the other stress ratios
(Fig. 6.10). The hysteresis loops at the three stress ratios Rσ(e) = −0.5, Rσ(e) = 0,
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and Rσ(e) = 0.5 are located in the positive strain region. At these stress ratios, the
compressive yield stress is not exceeded at any stress amplitude σa(e). The hysteresis
area, visible at Rσ(e) = −0.5 in Fig. 6.10 is attributed to pseudoelasticity. A very small
hysteresis area is obvious in the stabilized state at Rσ(e) = 0. At Rσ(e) = 0.5, the cyclic
deformation is linear elastic at any stress amplitude after the initial plastic deformation.
The hysteresis loops at the stress ratios Rσ(e) = −2 and Rσ(e) = −∞ are located in the
negative strain region at medium to large stress amplitudes σa(e). Similar to the curves,
shown in Fig. 6.4b, the stress exceeds CYS and thus, a large compressive deformation
occurs. Considering the example Rσ(e) = −2, the maximum stress is not high enough
for distinct detwinning, leading to much lower hysteresis areas compared to specimens
with the same stress amplitude at Rσ(e) = −1 (Fig. 6.10). Similar to Rσ(e) = 0 and
Rσ(e) = 0.5, the hysteresis area in the stabilized state is nearly zero at Rσ(e) = −∞.
Figure 6.11 shows the evolution of hysteresis loops as a function of the number of cycles
N for stress-controlled tests at four asymmetric stress ratios. The specimens, used for
these evaluations, are the same as these used in Fig. 6.10 at the same stress ratio Rσ(e).
Similar to the curves, shown in Fig. 6.4b for Rσ(e) = −1, a large plastic compressive strain
occurs in the initial loading curve after exceeding CYS (Rσ(e) = −2 and Rσ(e) = −∞).
At Rσ(e) = 0 and Rσ(e) = 0.5, the largest tensile plastic deformation occurs also in the
initial loading curve, while the absolute values are smaller in comparison to Rσ(e) = −2
and Rσ(e) = −∞. This is caused by the larger strain hardening rate in tensile direction.
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Figure 6.11: Representative stress-strain hysteresis loops of engineering stress-controlled
fatigue tests on AM50 at different Rσ(e) and different life sections, tested in
RD
The changes of the hysteresis shapes between half of fatigue life 0.5Nf and nearly end of
fatigue life 0.9Nf are very small at any stress ratio. Only the ratcheting strain (absolute
mean strain) |εm(t)| rises slightly as a function of the number of cycles N at asymmetric
stress-controlled tests (Fig. 6.11). The ratcheting behavior at Rσ(e) = 0 and Rσ(e) = 0.5
appears as a parallel shift of the hysteresis loops along the strain axis. At Rσ(e) = −2,
an abnormal ratcheting phenomenon occurs, where the minimum strain appears to stay
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constant and the maximum strain decreases. The hysteresis loops rotate counterclockwise
and become steeper. This abnormal ratcheting behavior is also visible at Rσ(e) = −∞
with a low intensity. Xiong et al. [157] found a similar abnormal ratcheting phenomenon
at Rσ(e) = −1.66 for an extruded ZK60 magnesium alloy. They explain the behavior
as follows: Twinning is almost exhausted in compressive direction, which is why the
minimum strain εmin(t) remains nearly constant over the fatigue life. In the ascending
reversals, detwinning is incomplete due to the low maximum stress σmax(t) [157]. The
accumulation of undetwinnable twins causes cyclic strain hardening with rising N , leading
to decreasing strain amplitudes and thus, a counterclockwise rotation of the hysteresis
loops [157].
The largest change in εm(t) occurs within the first cycle at any stress ratio and stress
amplitude and the ratcheting strain after the first cycle is comparatively low. The largest
ratcheting strain from N = 2 to Nf is found to be about 1 %. In general, the ratcheting
strain is larger in tensile direction in comparison to the compressive direction. This effect
is most likely caused by the reciprocal obstacle of twins and dislocations. In compressive
direction, a lot of twins occur, which restrain dislocation slip. In contrast, nearly no
twins occur in tensile direction at Rσ(e) = 0 and Rσ(e) = 0.5.
The ratcheting strain is found to be larger at some other magnesium alloys such as
extruded ZK60. Even though σmax(t) was about 30 MPa below UTS, the ratcheting
strain was larger than 5 % in asymmetric stress-controlled tests with Rσ(e) ≈ −0.5 [157].
Refer to [157] for further information on ratcheting strain with a detailed investigation of
the ratcheting rates as a function of cycles at different stress ratios and an emphasis on
the microstructure.
Figure 6.12 shows an overview of stabilized hysteresis loops (0.5Nf) as a function of
the applied stress amplitude σa(e) at two different asymmetric stress ratios. In the
tensile region without zero crossing, the plastic strain is very low and the fatigue life is
mainly influenced by the mean stress σm(t) and the stress amplitude σa(t). Nearly elastic
deformation with a slight nonlinearity can be seen for all applied stress amplitudes at
Rσ(e) = 0. The nonlinearity is caused by pseudoelastic deformation (section 2.4.2). An
analysis of the raw data has shown that the larger the value of the tensile mean stress
σm(t) and the lower the value of the stress amplitude σa(t), the lower is the pseudoelastic
strain. At very large mean stresses (e.g. Rσ(e) = 0.5, Fig. 6.10), no pseudoelastic strain
was observed. In the compressive region without crossing 0 MPa, pseudoelasticity was
not observed in the stabilized state (Fig. 6.11). Due to twinning in the first cycle at
Rσ(e) = −2 (Fig. 6.12), the absolute mean strain is quite large in comparison to tests,
where the mean stress is located in the tensile region. The example with σa(e) = 112.5 MPa
at Rσ(e) = −2 reveals a fatigue life higher than 106 cycles to failure although the mean
strain is as high as about −4 %. At this example, the tensile stress is not high enough
for distinct detwinning and thus, the deformation becomes linear elastic. A linear elastic
deformation in combination with a low mean stress was found to enable high fatigue
lives. The fatigue lives of AM50 in RD as a function of the mean stresses are illustrated
within a Haigh diagram in [35].
6.1.6 Cyclic Hardening Behavior
The hysteresis shapes and stress or strain values change over the fatigue life. It is
important to understand this behavior to identify the most accurate fatigue parameter.
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Figure 6.12: Representative stress-strain hysteresis loops of engineering stress-controlled
fatigue tests on AM50 at different Rσ(e) and different applied stress ampli-
tudes σa(e), tested in RD
Thus, the cyclic hardening behavior is investigated using the example of AM50 sheet
metals. Figures 6.13 - 6.16 illustrate the cyclic behavior over the fatigue life at different
stress and strain ratios as well as load amplitudes.
Figures 6.13a and b illustrate the changes of the stress amplitudes σa(t) and the mean
stresses σm(t) as a function of the number of cycles N at completely reversed strain-
controlled tests. In such tests, Xiong et al. [157] found three distinguishable types of
cyclic deformation for extruded ZK60, which can be identified for AM50 as well: The
first type occurs at low strain amplitudes up to εa,t(e) = 0.3 % (Figs. 6.13a and b),
where no twinning and detwinning are detected as observed in section 6.1.3. At these
load amplitudes, the plastic deformation is mainly caused by dislocation slip [157]. The
material shows almost cyclic stable behavior and the mean stress is nearly zero (Figs.
6.13a and b). The second deformation type reveals pronounced twinning and detwinning
without the exhaustion of the twinning capability [157]. At AM50, this deformation type
occurs in the range of about 0.3 % < εa,t(e) < 1 %. The number of undetwinnable twins
(residual twins) is rising with increasing number of cycles N due to the ongoing reciprocal
obstacle of twins and dislocations [130, 156, 164, 165]. Nevertheless, the twin bands grow
during cyclic testing and lead to a large number of additional twins (see 6.1.3). Thus, the
residual twins can be compensated by additional twins over the whole lifetime, leading
to very low cyclic hardening or softening in the range of the second deformation type.
Furthermore, the mean stress σm(t) remains nearly constant over the fatigue life (Figs.
6.13a and b). These two cyclic deformation types have been discussed in several studies
(e.g. [16, 109, 130, 164]).
The third observable deformation type was only discussed by Lou et al. [98] for AZ31 and
by Xiong et al. [157] for ZK60. This deformation type is characterized by an exhaustion
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Figure 6.13: Evolution of (a) the stress amplitude σa(t) and (b) the mean stress σm(t) as a
function of the number of cycles N at completely reversed strain-controlled
tests (Rε(e) = −1); AM50; tested in RD
of the twinning and detwinning capability with rising number of cycles N . Xiong et al.
[157] explained that twinning is exhausted at a low number of cycles in tests with total
strain amplitudes εa,t(e) ≥ 1 %. Thus, the minimum stress σmin(t) decreases, leading to a
lower mean stress σm(t) (Fig. 6.13b). As a result, the stress amplitude σa(t) is increasing.
The range of total strain amplitudes at AM50, where the third deformation type occurs,
is similar to that at ZK60 [157].
In [38], the cyclic hardening behavior of the AZ31B and ME21 sheet metals was inves-
tigated at completely reversed strain-controlled tests. In general, the cyclic hardening
behavior of the three alloys AM50, AZ31B, and ME21 is similar.
The influence of the strain ratio Rε(e) on the cyclic hardening behavior is shown in Figs.
6.14a and b. The stress amplitudes σa(t) are nearly identical at all three investigated
strain ratios Rε(e) at low strain amplitudes (εa,t(e) = 0.26 %). The mean stress σm(t) at low
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Figure 6.14: Evolution of (a) the stress amplitude σa(t) and (b) the mean stress σm(t) as
a function of the number of cycles N at strain-controlled tests with different
strain ratios (Rε(e) = −∞, −1, and 0); AM50; tested in RD
strain amplitudes remains nearly constant at Rε(e) = −1 and −∞. At Rε(e) = 0, cyclic
stress relaxation occurs (Fig. 6.14b). In cases where twinning and detwinning dominate
the plastic deformation and twinning is not completely exhausted (εa,t(e) = 0.5 % and
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1.4 % in Figs. 6.14a and b), the cyclic hardening behavior is similar for Rε(e) = −1
and Rε(e) = 0. At Rε(e) = −∞, the examples with εa,t(e) = 0.5 % and 1.4 % reveal an
exhaustion of the twinning capability, leading to a strong cyclic hardening behavior (Figs.
6.14a and b). A similar behavior was found by Yu et al. [165] for extruded AZ61A.
The changes of the mean strains εm(t) and plastic strain amplitudes εa,pl,m1(t) as a function
of N in cyclic stress-controlled tests are illustrated in Figs. 6.15a and b. At low stress
amplitudes σa(e) before exceeding the compressive yield stress CYS, the cyclic hardening
behavior is similar to completely reversed strain-controlled tests. Only negligible changes
are visible over the fatigue life. After exceeding CYS, the cyclic hardening process is
much more pronounced, compared to strain-controlled tests (Fig. 6.15a). This behavior is
depending on the large plastic deformation in the first cycle, caused by the control mode
(e.g. section 6.1.1, Figs. 6.4 and 6.11). Within the first cycle, nearly the whole gauge
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Figure 6.15: Evolution of (a) the plastic strain amplitude for assumed linear elastic
unloading εa,pl,m1(t) and (b) the mean strain εm(t) as a function of the number
of cyclesN at completely reversed stress-controlled tests (Rσ(e) = −1), AM50,
tested in RD
section is twinned after exceeding CYS and the possible twin contingent is consumed
completely. Thus, the most significant change of εa,pl,m1(t) and εm(t) can be bserved
within the first cycles (Fig. 6.15a). With the exception of very large stress amplitudes
σa(e), the mean strains εm(t) change only slightly after the first few cycles and the plastic
strain amplitudes decrease moderately.
Figures 6.16a and b show the changes of εa,pl,m1(t) and εm(t) for asymmetric stress-
controlled tests. At each considered stress ratio Rσ(e), the specimen with the largest
applied stress amplitude σa(e) was chosen. There, the largest cyclic changes are assumed.
At stress amplitudes larger than TYS or CYS, the largest change of the mean strain
εm(t) occurs in the first half-cycle, which can be recognized in Fig. 6.11. At Rε(e) = −2,
a strong cyclic hardening behavior was observed similar to that of completely reversed
stress-controlled tests. This behavior is caused by the twinning and partial detwinning
behavior (see section 6.1.5, Fig. 6.11). At stress ratios where cyclic twinning and
detwinning do not occur (e.g. Rσ(e) = −∞, −0.5, 0, and 0.5), the plastic strain amplitude
εa,pl,m1(t) is very low and does not change appreciably with rising number of cycles. This
behavior is also visible in Figs. 6.10 and 6.11. As explained in section 6.1.5, the change
of the ratcheting strain (absolute mean strain |εm(t)|) from N = 2 to Nf is moderate at
any stress ratio (Fig. 6.16b).
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Figure 6.16: Evolution of (a) the plastic strain amplitude for assumed linear elastic
unloading εa,pl,m1(t) and (b) the mean strain εm(t) as a function of the number
of cycles N at different asymmetric stress-controlled tests (Rσ(e) = −∞, −2,
−0.5, 0, and 0.5); AM50; tested in RD
The resulting mean stress σm(t) at half of fatigue life 0.5Nf as a function of the total strain
amplitude εa,t(e) for different strain ratios Rε(e) is illustrated in Fig. 6.17a. Furthermore,
Fig. 6.17b shows the mean strain εm(t) at half of fatigue life 0.5Nf as a function of
the stress amplitude σa(e) for different stress ratios Rσ(e). Asymmetric and sigmoidal
hysteresis shapes at total strain amplitudes εa,t(e) >≈ 0.4 % lead to positive mean
stresses σm(t) at strain-controlled tests. The mean stress σm(t) is comparatively large
at Rε(e) = 0 in combination with low total strain amplitudes εa,t(e) (Fig. 6.17a). In
the range 0.26 % ≤ εa,t(e) ≤ 0.4 %, significant cyclic mean stress relaxation occurs at
Rε(e) = 0. At εa,t(e) > 0.4 %, σm(t) is similar to that at Rε(e) = −1 due to the nearly
identical hysteresis shape, caused by twinning and detwinning (Fig. 6.8). Due to the
larger twin content at Rε(e) = −∞ at most investigated total strain amplitudes εa,t(e),
lower maximum stresses σmax(t) occur at these hysteresis loops (Fig. 6.9), leading to
lower mean stresses σm(t) (Fig. 6.17a).
The mean stress behavior at completely reversed strain-controlled tests (Rε(e) = −1) was
discussed in several studies (e.g. [38, 142, 164]) and was found to be similar to that
of AM50. The mean stresses σm(t) at AZ31B [38] are nearly identical at Rε(e) = −1 in
comparison to AM50. In case of ME21, the tendency is the same, but the mean stress
values are lower.
At stress-controlled tests, the mean strain εm(t) is always positive for tests without
exceeding CYS (e.g. Rσ(e) = −0.5, 0, and 0.5). The larger the applied stress amplitude
σa(e) and thus, the maximum stress σmax(t), the larger is the value of εm(t), because
of the initial tensile plastic deformation. In compressive direction, a similar tendency
with large compressive mean strains was observed due to abrupt twinning in the first
cycle (e.g. Rσ(e) = −∞, −2, and −1). Because of the abruptness of twinning (see
section 6.1.1), large gaps in the trends of εm(t) exist. This cannot be found in tensile
direction at Rσ(e) = −0.5, 0, and 0.5, where no pronounced twinning and detwinning
occur (Fig. 6.17b). A special behavior was found at Rσ(e) = −1, where the compressive
mean strain decreases again at about σa(e) = 190 MPa with increasing stress amplitudes
σa(e) (Fig. 6.17b). The reason for the decrease of the compressive mean strain in these
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Figure 6.17: (a) Mean stress σm(t) as a function of the applied total strain amplitude
εa,t(e) at different strain ratios Rε(e); (b) Mean strain εm(t) as a function
of the applied stress amplitude σa(e) at different stress ratios Rσ(e); AM50;
tested in RD; 0.5Nf
examples is a noticeable plastic deformation in tensile direction within the first half cycle.
Corresponding hysteresis loops are illustrated in Fig. 6.4a.
Several studies report that a mean stress considerably influences the fatigue life of
magnesium alloys (e.g. [15, 53, 59, 125]). Tensile mean stresses reduce the fatigue lives
and compressive mean stresses increase them [15]. The influence of the mean strain εm(t)
interacts in most cases with the influence of the mean stress σm(t). As reported by Halford
[57], a mean strain reduces the later available capacity of cyclic plastic deformation and
thus the fatigue toughness. Goodenberger and Stephens [53] investigated cast AZ91
magnesium alloys and noted that a tensile mean strain yields a detrimental effect on
the fatigue life only for small applied strain amplitudes < 0.4 %. A compressive mean
strain does not influence the fatigue life observably [53]. Park et al. [130] assumed that
the mean strain has a minor effect on the fatigue resistance and can be neglected in
fatigue models. The fatigue models, evaluated in chapter 8, do not specifically evaluate
the mean strain, but its effect is considered within the plastic strain energy density per
cycle ∆Wpl(t).
6.1.7 Evolution of Fatigue Parameters
Most of the previously developed fatigue models (e.g. section 2.6.1) and the models
described in section 8 have one similarity: they assume that the chosen fatigue parameter
is constant during the whole fatigue life until crack initiation Nf . Stress, strain, and
strain energy density components are typically used to define a fatigue parameter. Park
et al. [130] and Hong et al. [62] compared the evolution of different possible fatigue
parameters over the fatigue life to evaluate their stability. They compared the evolution
of the stress amplitude σa, the plastic strain amplitude εa,pl, and the plastic strain energy
density per cycle ∆Wpl using completely reversed strain-controlled tests on hot-rolled
AZ31 plates. The plastic strain energy density per cycle ∆Wpl was the most constant
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parameter in both studies [62, 130]. To evaluate the evolution of ∆Wpl for AM50 sheet
metals, five possible fatigue parameters are considered:
 stress amplitude σa(t)
 plastic strain amplitude for assumed linear elastic unloading εa,pl,m1(t)
 half width of the hysteresis loop at σm(t) (defined in [175, 176]) εa,pl,m3(t)
 plastic strain energy density per cycle ∆Wpl(t)
 elastic strain energy density per cycle ∆Wel+(t)
These fatigue parameters are compared in Figs. 6.18a and b in a similar way as shown in
[62, 130]. The curves are drawn from test start until the number of cycles to break into
two pieces Nb. In both examples, shown in Figs. 6.18a and b, Nf is slightly lower than
Nb. The evaluated parameters are normalized by their values at 0.5Nb. In Fig. 6.18a,
an example of an asymmetric strain-controlled test with a large strain amplitude εa,t(e) is
shown. Corresponding hysteresis loops at different life stages are illustrated in Fig. 6.9.
In contrast, Fig. 6.18b visualizes the curves of a symmetric strain-controlled test with a
small strain amplitude εa,t(e). The corresponding stabilized hysteresis loop is shown in
Fig. 6.2b. A further example of a stress-controlled test is given in [37].
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Figure 6.18: Evolution of five different fatigue parameters (∆Wpl(t), ∆Wel+(t), εa,pl,m1(t),
εa,pl,m3(t), and σa(t)) over the lifetime, normalized by the values at 0.5Nb; (a)
strain-controlled example with very low fatigue life and (b) strain-controlled
example with high fatigue life; AM50 RD
Figures 6.18a and b and the further example in [37] illustrate that no single parameter
is sufficiently constant over the fatigue life at all load conditions. In strain-controlled
tests with large strain amplitudes, ∆Wpl(t) is the most constant fatigue parameter (Fig.
6.18a and [62, 130]). In tests with very low strain amplitudes (Fig. 6.18b), ∆Wpl(t),
εa,pl,m1(t), and εa,pl,m3(t) vary by a factor of about 2 - 3. The very large relative deviation
of these parameters over the lifetime is caused by a comparatively small absolute change
in the plastic strain amplitude. In all cases, the plastic strain amplitude for assumed
linear elastic unloading εa,pl,m1(t) is more constant in comparison to the half width of the
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hysteresis loop at the mean stress εa,pl,m3(t). An evaluation of the raw data has shown
that this behavior is caused by a decrease of the pseudoelastic strain with rising number
of cycles N .
Large changes of εa,pl,m1(t), εa,pl,m3(t), and ∆Wpl(t) occur at stress-controlled tests with
medium plastic strain amplitudes (εa,pl,m1(t) ≈ 0.25 %) [37]. Caused by the control mode,
the stress amplitude σa(t) and thus, the tensile elastic strain energy density per cycle
∆Wel+ are the most constant parameters in all cyclic stress-controlled tests.
The plastic and tensile elastic strain energy density per cycle are used in section 8.4 to
define a fatigue parameter. Figures 6.19a and b illustrate the evolution of ∆Wpl(t) over
the fatigue life to give more detailed information on the cyclic behavior and to show
its absolute values. For this purpose, different total strain amplitudes in completely
reversed strain-controlled tests and different stress amplitudes in completely reversed
stress-controlled tests were considered. As already shown in Fig. 6.18a, ∆Wpl(t) is nearly
constant at large total strain amplitudes. This is valid down to εa,t(t) = 0.34 % (Fig.
6.19a). A larger deviation occurs below εa,t(t) = 0.34 %. Nevertheless, the absolute values
of ∆Wpl(t) are very low at small strain amplitudes (εa,t(t) < 0.34 %) and influence the
fatigue model, described in section 8.4, negligibly low.
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Figure 6.19: Evolution of the plastic strain energy density per cycle ∆Wpl(t) at (a)
completely reversed strain-controlled tests and (b) completely reversed
stress-controlled tests; AM50 RD
At stress-controlled tests, a similar behavior is visible (Fig. 6.19b). Nevertheless, the
variation is considerably larger at every applied stress amplitude σa(e). The serrated
curves at very low load amplitudes in both figures (Fig. 6.19a and b) are caused by the
comparatively large relative deviations due to the very low absolute values of ∆Wpl(t).
In conclusion, these findings must be considered for the development of a fatigue model.
6.2 Variable Amplitude Tests
All variable amplitude tests were carried out on AM50 sheet metals in RD. In the
following sections, the experimentally determined shapes of hysteresis loops under variable
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amplitude load conditions are described. Based on the local strain approach, variable
amplitude tests were performed under strain-controlled load conditions.
6.2.1 Load-Time Functions with Single Inner Hysteresis Loops
To determine the basic fatigue properties at variable amplitude load cases and to describe
the shape of hysteresis loops, comparatively large strain maxima and minima were used
in most load sequences. The following definitions are used in order to analyze variable
amplitude tests:
 envelope hysteresis loop: largest occurring hysteresis loop of the given load-time
function
 inner hysteresis loops: all loops, which are located inside the envelope hysteresis
loop in the stress-strain diagram
 full loop: envelope hysteresis loop together with all inner hysteresis loops until the
same sequence starts again
 number of full loops to failure Nloop,f : number of envelope hysteresis loops to failure
Figures 6.20a and b show a variable amplitude example, where all inner hysteresis loops
occur once at each position in the stress-strain diagram. This example explains the shape
of the envelope and the inner hysteresis loops. Figure 6.20a contains the strain-time
function and Fig. 6.20b the corresponding hysteresis loops. One full loop is indicated in
Fig. 6.20a. In Fig. 6.20b, one full loop at half of fatigue life (0.5Nloop,f) is plotted. The
numbers in the strain-time function (Fig. 6.20a) indicate the corresponding hysteresis
numbers in Fig. 6.20b.
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Figure 6.20: (a) Strain-time function of a variable amplitude test; (b) corresponding full
loop at 0.5Nloop,f ; εa,t(e),envelope = 2 % (1), εa,t(e),inside1 = 0.8 % (3, 5, 8),
and εa,t(e),inside2 = 0.4 % (2, 4, 6, 7); AM50 RD
The envelope hysteresis loop of the given example reveals the hysteresis loop number 1
and the inner hysteresis loops the numbers 2 - 8. In comparison to symmetric constant
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amplitude tests (e.g. Fig. 6.2a), the envelope hysteresis loop in Fig. 6.20b reveals a very
similar shape. The shapes of the inner hysteresis loops depend on their mean strains
εm(t). Inner hysteresis loops with larger positive mean strains εm(t) are narrower with
a larger stress range ∆σ, caused by the lower twin content. In such cases, the plastic
strain energy density per cycle ∆Wpl(t) is comparatively small. The higher twin content
in cases with lower mean strains εm(t) is responsible for the lower stress range ∆σ. This
behavior is similar to that of constant amplitude tests (Fig. 6.9).
The cyclic hardening behavior of AM50 at variable amplitude tests is shown in Fig. 6.21a,
based on the values of the same specimen as used in Fig. 6.20b. The number of full loops
to failure 0.5Nloop,f was 40. As a result, the cyclic change of the envelope hysteresis
loops over the fatigue life is similar to that at constant amplitude tests (Fig. 6.9). The
general hardening mechanisms are the same, which can be recognized by the shape of
the hysteresis loops. The maximum change of the hysteresis loops occurs within the first
few loops. An insignificant change can be recognized between 0.5Nloop,f and 0.9Nloop,f
(Fig. 6.21a). In the example, shown in Fig. 6.21a, cyclic hardening is dominated by the
size of the envelope hysteresis loop. Inner hysteresis loops reveal a similar shape over the
whole fatigue life. The reason for the very small change of the inner hysteresis loops over
the fatigue life is that they occur only once per full loop at each position and their strain
amplitudes are distinctly smaller in comparison to that of the envelope hysteresis loop.
For fatigue life calculations at load conditions with variable amplitudes, each individual
hysteresis loop must be evaluated. Figure 6.21b shows the same full loop as in Fig. 6.20b.
As an example, the plastic strain energy density per cycle is indicated for each hysteresis
loop. The tensile elastic strain energy density per cycle ∆Wel+(t) is marked in another
Figure 6.21: (a) First full loop and full loops at 0.5Nloop,f and 0.9Nloop,f ; (b) full loop at
0.5Nloop,f with indicated plastic strain energy density per cycle ∆Wpl(t); (a)
and (b) are based on the values of the same specimen as used for Fig. 6.20b
example in [33]. Using the value of the fatigue parameter of each individual hysteresis
loop, a damage accumulation is carried out and the fatigue life is calculated (chapter 8).
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6.2.2 Cyclic Stress Relaxation
Within the example shown in section 6.2.1, each envelope and inner hysteresis loop occur
equally often. This test type delivers no information about the influence of cyclic stress
relaxation. As observed in Fig. 6.14b and by several researchers before (e.g. [15, 130]),
cyclic stress relaxation occurs at asymmetric strain-controlled tests.
To understand the cyclic stress relaxation behavior at variable amplitude tests, four
specimens were tested at different conditions. The examples were chosen to reveal a
comparatively large cyclic stress relaxation. Figures 6.22a and 6.23a show the triangular
strain-time functions of the four specimens. At all these specimens, ten completely
reversed cycles with a total strain amplitude εa,t(e) of 2 % were applied at the beginning
to reach a stabilized state. For each specimen, the tenth cycle is plotted in Figs. 6.22b
and 6.23b. Subsequent, cycles with smaller strain amplitudes were applied at the lower
and upper reversal points until failure occurs. Thus, the inner hysteresis loops lie on the
most left or most right side of the envelope hysteresis loop, respectively. At inner loops,
specimen 1 and 2 reveal the total strain amplitude εa,t(e) = 0.1 % and specimen 3 and 4
εa,t(e) = 0.3 %.
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Figure 6.22: (a) Strain-time functions of two cyclic stress relaxation tests with εa,t(e) =
0.1 % and two different mean strains εm(e); selected hysteresis loops are shown
in (b); ε˙2% = 8 · 10−4/s (f = 0.01 Hz) and ε˙0.1% = 4 · 10−2/s (f = 10 Hz)
The cyclic stress relaxation was measured between the first inner loop (N = 11) and
the loop at N = 106 at specimen 1 and 0.9Nf at specimens 2, 3, and 4. A negligibly
low plastic strain energy density per cycle ∆Wpl(t) is reached at both specimens with
εa,t(e) = 0.1 % (Fig. 6.22b), leading to a nearly linear elastic behavior. Due to the very
low (negative) mean stress σm(t), specimen 1 tolerated more than 10
6 cycles to failure
Nf , after that the test was stopped. This region of σm(t) is less harmful for the specimen,
which can be recognized in Fig. 6.10 for Rε(e) = −∞.
The maximum stresses σmax(t) of the inner loops at specimen 1 are rising about 40 MPa
within 106 cycles. Specimen 2 endured only 34,000 cycles to failure Nf . Within these
cycles, the maximum stresses σmax(t) of the inner loops are decreasing by about 50 MPa.
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Hence, the mean stress relaxation at these small strain amplitudes is more pronounced
in the tensile stress region.
The inner hysteresis loops at specimens 3 and 4 reveal a noticeable plastic strain energy
density per cycle ∆Wpl(t) within the first cycle (Fig. 6.23b). The cyclic stress relaxation
behavior at specimen 3 appears to be similar to that of strain-controlled constant
amplitude tests with Rσ(e) = −∞ (section 6.1.4, Fig. 6.9 and [165]). The minimum
stresses of the inner loops remain nearly constant while the maximum stresses σmax(t)
are rising about 60 MPa within 43,000 cycles (Fig. 6.23b).
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Figure 6.23: (a) Strain-time functions of two cyclic stress relaxation tests with εa,t(e) =
0.3 % and two different mean strains εm(e); selected hysteresis loops are shown
in (b); ε˙2% = 8 · 10−4/s (f = 0.01 Hz) and ε˙0.3% = 1.2 · 10−1/s (f = 10 Hz)
The cyclic hardening is also responsible for a decrease of ∆Wpl(t) with rising number
of cycles. In case of specimen 4 (Fig. 6.23b), the asymmetric cyclic stress relaxation is
less distinct in the tensile region. The maximum stresses σmax(t) of the inner loops are
decreasing by about 20 MPa and the minimum stresses σmin(t) by about 40 MPa.
As a result of the evaluations in Figs. 6.22a, b, 6.23a, and b, AM50 sheet metals reveal a
complex cyclic hardening or softening behavior and accordingly cyclic stress relaxation
behavior, which depend on several parameters. Due to the fact that most fatigue models
assume a stabilized state, the cyclic stress relaxation behavior is not implemented in
the phenomenological stress-strain model, described in section 7.2. Within this model,
only the first inner loops are taken into account adequately. To evaluate the influence of
cyclic stress relaxation on the results of fatigue life evaluations, the first inner loop and
the inner loop at N = 106 or 0.9Nf are compared in section 8.5 using different fatigue
parameters.
6.2.3 Load-Time Functions with Multiple Inner Hysteresis Loops
The tests with single inner hysteresis loops and the described cyclic stress relaxation tests
(Figs. 6.20a, b, 6.21a, b, 6.22a, b, 6.23a, and b) are exceptional cases. Typical load-time
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functions, subjected e.g. to car body structures, reveal a more random behavior. In such
cases, low loads appear very often and high loads appear rarely [61].
To analyze the stress-strain behavior at more random load-time functions, two specimens
were tested using the strain-time function shown in Fig. 6.24a. In Fig. 6.24b, one
corresponding stabilized full loop is plotted. The three large inner hysteresis loops with 
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Figure 6.24: (a) Strain-time function of an example with multiple inner hysteresis loops,
shown in (b); (b) one full loop at 0.5Nloop,f of the test defined in (a)
εa,t(e) = 0.8 % occur six times at each of the three positions (left, middle, right, Fig.
6.24a). The six small inner hysteresis loops with εa,t(e) = 0.3 % occur twenty times at
each position (Fig. 6.24a). With this test sequence, the inner hysteresis loops account
for a large damage in comparison to the envelope hysteresis loop (see section 8.5).
Cyclic stress relaxation similarly occurs in comparison to the examples of Figs. 6.22b and
6.23b. Nevertheless, when changing to the next larger hysteresis loop after twenty cycles
with εa,t(e) = 0.3 %, the stress values coincide with the original envelope hysteresis loop.
The shape of the envelope hysteresis loop in Fig. 6.24b looks similar to that shown in Fig.
6.20b, where each inner hysteresis loop occur only one time per full loop. Accordingly,
the neglect of cyclic hardening in phenomenological stress-strain models (chapter 7) is
thought to be adequate for typical load-time functions.
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7 Uniaxial Phenomenological Stress-Strain Models
As described in section 2.5.1, the material specific stress-strain behavior must be described
in order to carry out fatigue evaluations. The Masing model [108] in combination with
the Ramberg-Osgood equation [135] is the most commonly used model. It is known that
there are large deviations between the Masing model and experimentally determined
hysteresis loops of wrought magnesium alloys (e.g. [38, 167]). To quantify the deviations
between the Masing model and experiments on AM50 at variable amplitude tests, an
example is described in section 7.1.
In general, the Masing model and the new phenomenological model for wrought mag-
nesium alloys (section 7.2) consider no cyclic stress relaxation, hardening, or softening,
which is why the hysteresis shapes at 0.5Nf or 0.5Nloop,f are used. Furthermore, no
influence of the strain rate is implemented. In cases with noticeable plastic deformations,
the models are valid for low strain rates in the range ε˙ ≤ 10−3/s.
7.1 Correlation of the Masing Model
Equations 2.7 and 2.8, described in section 2.5.1, are used for the evaluations within this
section. Figure 7.1a shows experimentally and numerically described cyclic stress-strain
curves (CSSC). In case of wrought magnesium alloys, the CSSC reveals a difference
between the tensile and the compressive branch. Hence, the three material constants:
Young’s modulus E, cyclic strength coefficient K ′, and cyclic strain hardening exponent
n′, which are used in Eqs. 2.7 and 2.8, must be determined for each direction separately.
The Young’s modulus is the same in both directions and the values K ′ and n′ were
determined with two interpolation points in the plastic region by Eq. 2.10. These values
are indicated in Fig. 7.1a. Values for AZ31B and ME21 sheet metals are listed in [38].
In Fig. 7.1a, one reversal determined by Eq. 2.8 is plotted for each direction. Due to the
tension-compression asymmetry, the deviations from the CSSC at the opposite sides are
large. The Masing model as used in commercial fatigue analysis software only allows the
usage of point symmetric CSSC without differentiation of the tensile and compressive
direction, which reduces the correlation.
The Masing model is compared to experimentally determined variable amplitude hysteresis
loops in Fig. 7.1b. In this case, the parameters of the tensile branch of the CSSC are
used. Apart from the upper reversal point on the right side, all other reversal points
and the general shapes deviate considerably. The CSSC is also used as input in the
developed phenomenological stress-strain model, explained in section 7.2. The numerically
determined CSSC, shown in Fig. 7.1a, seems to correlate well with the experiments.
Nevertheless, noticeable deviations can be seen at the compressive branches. An analysis
of the raw data shows that larger deviations occur in the strain range −3 % < ε(t) < −2 %.
Thus, the experimentally determined branches of the CSSC are used in the model described
in section 7.2.
7.2 Phenomenological Stress-Strain Model for Wrought Magnesium
Alloys
As a consequence of the discussions in sections 2.6.2 and 7.1, a one-dimensional phe-
nomenological model, which is able to calculate hysteresis loops of wrought magnesium
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Figure 7.1: (a) Experimentally determined cyclic stress-strain curve (CSSC) and CSSC,
approximated by the Ramberg-Osgood equation (Eq. 2.7), of AM50 for tensile
and compressive direction and one reversal for each direction, calculated by
Eq. 2.8; (b) comparison of the Masing model with a variable amplitude
experiment on AM50 in RD
alloys under variable amplitude loading, was developed. The mathematical formulations
of this model are explained within section 7.2.1. The calculation procedure, which is
implemented in a Matlab routine, is described in section 7.2.2. In both sections, the alloy
AM50 in RD was used to describe the phenomenological model.
In section 7.2.3, the developed model is compared with experimentally determined results.
For this, AM50 sheet metals in RD and ME21 sheet metals in ED are used. For a
comparison with further wrought magnesium semifinished products, extruded AZ31B in
ED in the form of solid rods [158] and extruded AZ61A in ED in the form of tubes [166]
are considered. The corresponding raw data is taken from [158, 166], where additional
information on the quasi-static and cyclic properties of both alloys is given.
7.2.1 Mathematical Formulations
The developed phenomenological stress-strain model is based on strain-controlled load
conditions in order to be applicable within the local strain approach. It was first presented
in [32]. To cover the technically relevant load range, the model is verified within the
strain range −3 % ≤ ε(e) ≤ 3 %. Within this strain range, only a low deviation between
true and engineering stress and strain values exists (Fig. 6.1). To provide compatibility
with commercial fatigue analysis software, the calculation procedure within the model
is done using engineering stress and strain values. After the calculation, all results are
converted into true stress and strain values, which are used by the applied fatigue models
(chapter 8).
The new model works in a similar way as the Masing model. The relative total strain,
calculated by the Masing model (Eq. 2.8), consists of an elastic and a plastic strain
component. To represent the deformation mechanisms of wrought magnesium alloys
most accurately, the relative total strain ∆εt(e) is decomposed into three components as
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a function of the relative stress ∆σ(e) within Eq. 7.1. These are the elastic ∆εel(e), the
pseudoelastic ∆εpsel(e), and the plastic strain component ∆εpl(e). All strain components
(∆εt(e), ∆εel(e), ∆εpsel(e), ∆εpl(e)) and the relative stress ∆σ(e) are related to a relative
coordinate system (RCS), which represents the origin of each specific reversal.
∆εt(e)
(
∆σ(e)
)
= ∆εel(e)
(
∆σ(e)
)
+ ∆εpsel(e)
(
∆σ(e)
)
+ ∆εpl(e)
(
∆σ(e)
)
(7.1)
Equation 7.2 represents the linear elastic strain component ∆εel(e), which is defined by
the Young’s modulus E. The values of E are taken from Table 5.1 and [158, 166].
∆εel(e)
(
∆σ(e)
)
=
∆σ(e)
E
(7.2)
A measured stabilized hysteresis loop of AM50 is illustrated in Fig. 7.2 with the
corresponding three calculated relative strain components. The two strain components
∆εpsel(e) and ∆εpl(e) are described in the following paragraphs. Material constants,
which can be estimated by the hysteresis loop, are indicated. Furthermore, the relative
coordinate system is shown at each reversal point in Fig. 7.2.
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Figure 7.2: Illustration of material constants using an experimentally determined envelope
hysteresis loop with the corresponding modeled strain components for both
reversals; AM50 RD
A natural logarithm containing a natural exponential function was found to be suitable to
represent the pseudoelastic deformation behavior (section 2.4.2). To provide an enhanced
comprehension of the pseudoelastic strain component ∆εpsel(e), Fig. 7.3a illustrates the
basic functions. The simplest form (y1(x)) exhibits an inclined asymptote y = x and a
horizontal asymptote y = 0. The graph of y2(x) shows how the graph of y1(x) could be
shifted along the abscissa with a subtrahend behind the variable x. In a further step, the
function could be stretched in the ordinate direction with a multiplicative value behind
the natural logarithm (y3(x)). The chosen value 2 changes also the slope of the inclined
asymptote by the factor of 2 (Fig. 7.3a).
The pseudoelastic strain component ∆εpsel(e), which is based on the functions shown
in Fig. 7.3a, is described by Eq. 7.3. The relative cutoff stresses ∆σ(e) = σP,up and
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∆σ(e) = σP,down, indicated in Fig. 7.2, represent the points with the largest curvature of
∆εpsel(e) and lie in the intersection points of the asymptotes. These material constants are
different for ascending and descending reversals. The designation σP,up/down in Eq. 7.3
indicates that σP,up has to be chosen for ascending reversals and σP,down for descending
ones. The pseudoelastic cutoff stresses σP,up and σP,down are defined as the relative
stresses in the relative coordinate systems (RCS) at which the reversals considerably
(about 20 %) deviate from linear elastic behavior (Fig. 7.2). The values of all material
constants for the four considered wrought magnesium alloys are listed in Table 7.1.
The graph of ∆εpsel(e)
(
∆σ(e)
)
converges to a linear asymptote after exceeding σP,up or
σP,down. In this region, the slope of the asymptote is proportional to the material constant
P (Fig. 7.2). For the pre-definition of the general curve shape, the factor “50 MPa” is
introduced, which is found to be valid for all considered alloys. It can be recognized in Fig.
7.3a that all of the plotted curves converge to zero, but they will never reach it. To ensure
that ∆εpsel(e) exactly starts in the origin of the actual RCS, an adequate denominator
within the natural logarithm was defined (Eq. 7.3). The factor mpsel is called “memory
factor” and ensures that the stress-strain curves follow the material memory. This factor
is automatically determined within the Matlab routine and is explained in section 7.2.2.
∆εpsel(e)
(
∆σ(e)
)
= ln
(
exp
((
∆σ(e) − σP,up/down
)
/50 MPa
)
+ 1
exp
((−σP,up/down) /50 MPa)+ 1
)
· P ·mpsel (7.3)
The plastic strain component ∆εpl(e) represents the plastic deformation, which is mainly
caused by twinning and detwinning as explained in section 2.4.3. A hyperbolic tangent
enables the existing sigmoidal shape. Figure 7.3b introduces the basic functions, used
to describe ∆εpl(e). The point symmetric and sigmoidal shape, which extends from
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Figure 7.3: Basic functions of the (a) pseudoelastic and (b) plastic strain component
−1 < y < 1, is represented by the graph of y4(x). By multiplying or dividing the variable
x, the slope of the curve at the inflection point is changed, and by adding a value to
the hyperbolic tangent function, the curve is shifted in the ordinate direction (y5(x)).
Shifting along the abscissa direction is reached by subtracting or adding a value from
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the variable x. Multiplying the hyperbolic tangent function by 0.5 shrinks the width to
0 < y < 1 (y6(x)).
Table 7.1: Material constants used for the phenomenological model for all considered
alloys
acronym expected range AM50 ME21 AZ31B [158] AZ61A [166]
E [GPa] 40 - 46 45.0 44.0 44.8 43.3
P [−] 5 · 10−4 - 5 · 10−3 1.40 · 10−3 2.50 · 10−3 2.00 · 10−3 1.50 · 10−3
σp,up [MPa] 25 - 300 125 50.0 75.0 75.0
σp,down [MPa] 50 - 300 175 100 225 125
T [−] 0.01 - 0.1 0.0370 0.0400 0.0400 0.0500
S [−] 15 - 60 35.0 25.0 50.0 50.0
σtw [MPa] −50 - −200 −170 −77.0 −155 −135
Rr [−] 0 - 1 0.600 0.0500 0.800 0.500
The plastic strain component ∆εpl(e) is defined by Eqs. 7.4 and 7.5. Similar to the
denominator within the natural logarithm in Eq. 7.3, the subtraction of the substitution
function U(∆σ(e) = 0) is necessary to ensure that ∆εpl(e) starts in the origin of the RCS
at each reversal.
∆εpl(e)
(
∆σ(e)
)
=
[
U
(
∆σ(e)
)− U (∆σ(e) = 0)] · T ·mpl (7.4)
U
(
∆σ(e)
)
=
1
2
[
tanh
(
∆σ(e) − |σrp(e)|+ aup/down · σtw
S
· aup/down
)
+ 1
]
(7.5)
To model the plastic strain component, three material constants (T , S, and σtw) are
necessary. Descending reversals of completely reversed strain-controlled hysteresis loops
were horizontally aligned in Fig. 7.4a. The corresponding ascending reversals were
horizontally aligned in Fig. 7.4b to define these constants. Some of the completely
reversed hysteresis loops used are illustrated in Figs. 6.2a and b. In Figs. 7.4a and
b, every reversal starts at ∆εt(e) = 0. It can be seen that the inflection points of the
reversals occur at a specific global stress level independent of the total strain amplitude.
Fig. 6.9 shows that this stress level is additionally independent of the strain ratio Rε(e).
At large plastic compressive strain values, the compressive stress rises with a larger
gradient, caused by the exhaustion of the twinning capability. The material constant σtw
specifies the global stress level at the inflection point of the plastic strain component of
the descending reversal (Fig. 7.4a).
The material constant T in Eq. 7.4 represents the maximum amount of ∆εpl(e) (Fig.
7.4a). The slope at the inflection point of ∆εpl(e) is proportional to the material constant
S (Eq. 7.5). To consider the global stress levels in the relative coordinate system (RCS),
which is necessary for modeling of the twinning and detwinning behavior, the variable
σrp(e) is included in Eq. 7.5. This variable represents the global stress of the last reversal
point.
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Figure 7.4: Visualization of material constants and factors to describe ∆εpl(e) using (a)
descending reversals and (b) ascending reversals; all reversals were taken
from experimentally determined hysteresis loops of AM50 in RD and were
horizontally aligned; the graph of a calculated plastic strain component with
mpl = 1 is additionally plotted in (a)
To describe the pronounced differences between the ascending and descending reversals,
the shape factors aup and adown are necessary. The designation aup/down in Eq. 7.5
indicates that aup has to be chosen for ascending reversals and adown for descending ones.
The shape factor adown is always 1 (Eq. 7.6), since the global stress level of the inflection
points of descending reversals and the slopes at these points are identical, independent of
the applied total strain amplitude εa,t(e) and the strain ratio Rε(e) (Fig. 7.4a).
adown = 1; aup =
1
2
[
tanh
(
∆σmax(e) − |σrp(e)|+ 1 · σtw
S
· 1
)
+ 1
]
(7.6)
At ascending reversals (Fig. 7.4b), the global stresses σdtw of the inflection points
are found to be proportional and the slopes at these points are found to be inversely
proportional to the plastic strain component of the envelope hysteresis loop. The factor
aup, defined by Eq. 7.6 and used in Eq. 7.5, models both proportionalities. The stress
levels of inflection points at ascending reversals σdtw are expressed by the term σtw · aup
in Eq. 7.5. The slopes at these points, which are proportional to S/aup, are expressed
by the second aup in Eq. 7.5 (Fig. 7.4b). The values of aup are limited between 0 and 1
and depend on the plastic strain component of the envelope hysteresis loop. For this,
the stress range of the envelope hysteresis loop ∆σmax(e) is used for the determination
of aup (Eq. 7.6). The maximum stress range ∆σmax(e) is determined by the CSSC. The
variable σrp(e) in Eq. 7.6 represents the global stress at the upper reversal point of the
envelope hysteresis loop. Because aup depends on the size of the envelope hysteresis loop,
it is constant during the whole simulation. The factors aup, σrp(e), and ∆σmax(e) are
automatically precalculated by the Matlab routine.
To model material memory, the memory factor mpl is defined, which is automatically
determined by the Matlab routine described in section 7.2.2. In Fig. 7.4a, mpl was set to
1 for the calculation of ∆εpl(e)
(
∆σ(e)
)
.
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7.2.2 Description of the Simulation Code
A new relative coordinate system (RCS) is placed at each reversal point so that the
following reversal extends into the first quadrant of the new RCS and starts at its origin
(Fig. 7.2). Following the given strain-time function, ∆εt(e) is increased gradually whereby
every associated ∆σ(e) = |σ(e) − σrp(e)| is calculated.
In section 2.5.1, the material memory is explained using the example of the Masing
model. Due to the point-symmetric law of the Masing model, all hysteresis loops are
closed and coincide with the CSSC automatically. The validity of material memory for
wrought magnesium alloys is shown by Zenner and Renner [167]. Figures 2.10b and
6.20b additionally visualize that memory type 1 (m1) and type 2 (m2) (section 2.5.1) are
fulfilled for wrought magnesium alloys, respectively.
The asymmetric and sigmoidal hysteresis shapes of wrought magnesium alloys reveal a
more complex behavior in comparison to Masing-like materials. Hysteresis shapes depend
on several parameters and ascending and descending reversals differ distinctly. Therefore,
three conditions must be included in the Matlab routine to enable arbitrary loading and
to follow the material memory:
I: both reversal points of the envelope hysteresis loop must coincide with the CSSC
II: stress-strain curves must follow superior reversals after completing inner loops
III: the final value of all three individual strain components must be equal for corre-
sponding descending and ascending reversals
If these three conditions are satisfied, closed hysteresis loops without gaps or overlaps are
produced. For this purpose, the memory factors mpsel and mpl for ∆εpsel(e) and ∆εpl(e),
respectively, are used in Eqs. 7.3 and 7.4. These factors are automatically calculated by
the Matlab routine for each reversal.
To explain the necessity and the calculation procedure of the automatically determined
factors mpsel, mpl, and aup, Figs. 7.5a and b illustrate examples of experimentally and
numerically determined curves. The experimentally determined CSSC is used to calculate
mpsel and mpl in order to reach congruence of the CSSC with the numerically determined
envelope hysteresis loop. For this purpose, the load definition in terms of a strain-time
function is read out by the Matlab routine and all local maximum and minimum strain
values are determined. By use of the global maximum and minimum strain values and the
CSSC, the maximum stress range of the envelope hysteresis loop ∆σmax(e) is determined.
Thereafter, the shape factor aup, which is constant for the whole calculation of the
envelope hysteresis loop and all inner hysteresis loops, is calculated. The calculation
starts with the descending reversal of the envelope hysteresis loop. Hence, the calculation
of this reversal represents a special case, where both memory factors have to be changed
relative to the start value 1. For the determination of these two values, only one condition
(condition I) is available. Therefore, the relation between the change of mpsel and mpl is
defined by the ratio Rr in Eq. 7.7.
Rr =
1−mpsel
1−mpl (7.7)
If mpl is changed by x%, mpsel will be changed by Rr · x%. The ratio Rr enables the
adaption of the memory factors in order to correlate with the experiments most accurately.
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Figure 7.5: Effect of the memory factors mpsel and mpl at AM50; using the example of
(a) an envelope hysteresis loop with εa,t(e) = 2 % and (b) an inner hysteresis
loop with εa,t(e) = 1 % within the envelope hysteresis loop of (a)
In rare cases, if Rr +mpsel = 1, mpl decreases to zero. Accordingly, mpsel is additionally
decreased while disregarding Eq. 7.7. The values of the material constants for the
investigated alloys are listed in Table 7.1. Equation 7.7 is only used for the calculation of
mpsel and mpl at the descending reversal of the envelope hysteresis loop. Considering
conditions II and III, mpl and mpsel are determined automatically for all further reversals.
Figures 7.5a and b illustrate the determined memory factors for different reversals. The
curves were plotted with and without the application of the memory factors. The values
of mpsel and mpl are different for corresponding ascending and descending reversals
(Figs. 7.5a and b). In general, the memory factors of one reversal are calculated so that
the final values of all individual strain components are equal in comparison to that of
the corresponding reversal (condition III). In Figs. 7.5a and b, it can be additionally
recognized that the shape factor aup is the same at both examples, since it depends only
on the size of the envelope hysteresis loop. Another example of an envelope hysteresis
loop of AM50 with εa,t(e) = 0.8 % is illustrated in [32], where aup is 0.30.
Numerically determined reversals are plotted in Fig. 7.6 to visualize conditions II and
III. An overview of the corresponding strain components for the envelope loop 3 and the
two inner loops 1 and 2 is illustrated. The following temporarily stored information is
necessary to calculate the memory factors of the inner hysteresis loops and the ascending
reversal of the envelope hysteresis loop: the values of the start point of the actual reversal
and the values of the individual strain components of the corresponding reversal. For
example, when starting at the reversal point at ε(e) = −1 % (loop 1, ascending reversal,
Fig. 7.6), the Matlab routine uses the individual strain components and the stress
range ∆σ(e) of the corresponding descending reversal to determine mpsel and mpl. This
information is sufficient to determine both memory factors. Starting at ε(e) = 1 % (loop 1,
descending reversal, Fig. 7.6), the routine uses the lower reversal point at ε(e) = −1 % and
the stored individual strain components of the previously calculated ascending reversal
to calculate mpsel and mpl for the descending reversal.
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Figure 7.6: Visualization of material memory using the example of numerically determined
hysteresis loops of AM50 in RD; strain components for the ascending and
descending reversals are indicated above the hysteresis loops
To illustrate the curve progressions of the individual strain components and that of
the total strains, two completely reversed examples (Rε(e) = −1) were chosen with
εa,t(e) = 1.6 % in Figs. 7.7a - c and εa,t(e) = 0.8 % in Figs. 7.7d - f. Figures 7.7a and b
show the individual strain components as a function of the relative stress ∆σ(e) of modeled
hysteresis loops for ascending and descending reversals, respectively. The summation of
the three strain components is plotted in Fig. 7.7c. A similar example with εa,t(e) = 0.8 %
is given in Figs. 7.7d - f. For a comparison, each curve was plotted in the first quadrant
of the coordinate system in Figs. 7.7a - f.
In cases with large total strain amplitudes (e.g. εa,t(e) = 1.6 %), the plastic strain
components ∆εpl(e) dominate in comparison to both others (Figs. 7.7a and b). At smaller
strain amplitudes (e.g. εa,t(e) = 0.8 %), the elastic strain component ∆εel(e) becomes more
and more dominant (Figs. 7.7d and e). The curve progressions of ∆εpsel(e) and ∆εpl(e)
are quite different for ascending and descending reversals, but its amount is finally equal
(Figs. 7.7a, b, d, and e). The plastic strain components ∆εpl(e) of descending reversals,
shown in Figs. 7.7b and e, are not exhausted at the endpoints. This is in agreement with
the descending reversals shown in Fig. 7.4a. In contrast, ∆εpl(e) of ascending reversals
(Figs. 7.7a and d) reveal inflection points like in Fig. 7.4b at experimentally determined
curves. Further single strain components of AM50 with εa,t(e) = 2 % are illustrated in [32],
which look very similar to the examples shown in Figs. 7.7a and b with εa,t(e) = 1.6 %.
Figure 7.8 shows the workflow of all relevant steps to visualize the procedure of the
developed Matlab routine. At the beginning the cyclic stress-strain curve (CSSC), the
load-time definition, and the material constants as listed in Table 7.1 must be given by
the user. Since the influence of the strain rate is not considered within the model, the
waveform type of the strain-time function is not considered within the Matlab routine.
A strain vector with a user-defined increment, e.g. 0.05 % for an adequate resolution,
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Figure 7.7: Elastic ∆εel(e), pseudoelastic ∆εpsel(e), and plastic strain components ∆εpl(e)
of two numerically determined stress-strain hysteresis loops of AM50 in RD;
(a - c) εa,t(e) = 1.6 % and (d - f) εa,t(e) = 0.8 %; (c) and (f) illustrate the
summation of the respective individual strain components
is created within the pre-calculation using the values of the given strain-time function.
Within the next step, both memory factors are determined so that the reversal points
of the envelope hysteresis loop coincide with the CSSC. The conditions I, II, and III
are considered during the calculation of the stress-strain curves as described in Fig. 7.8.
Thereafter, all relevant hysteresis loop measures like strain energy density components
and stress or strain values are saved. Furthermore, numerically and experimentally
determined hysteresis loops can be compared to evaluate the correlation. To provide
meaningful values for the simulation of arbitrary other alloys, expected ranges of the
material constants are given in Table 7.1. For this, the mechanical properties of different
wrought magnesium alloys from the literature are considered (e.g. [130, 157, 158, 166]).
A manual adaption of the material constants can be done until an adequate correlation
between experiments and the model is reached, which is usually done in a few steps. A
total of eight material constants are necessary for each wrought magnesium alloy. It was
found that these parameters can be determined using very few constant amplitude tests
in the strain range between −2 % and 2 %. The material constants of extruded AZ31B
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Figure 7.8: Workflow of the Matlab routine for the developed phenomenological stress-
strain model
and AZ61A, listed in Table 7.1, were obtained using just three experimentally determined
hysteresis loops (Figs. 7.9a - d).
7.2.3 Model Verification
All comparisons between model and experiment were done using stabilized hysteresis
loops at 0.5Nf or 0.5Nloop,f . Completely reversed strain-controlled constant amplitude
tests were evaluated in Figs. 7.9a - d for twin roll cast AM50 sheet metals in RD, extruded
ME21 sheet metals in ED, extruded AZ31B solid rods in ED [158], and extruded AZ61A
tubes in ED [166], respectively. At each alloy, three hysteresis loops with different total
strain amplitudes εa,t(e) within the elasto-plastic load range were compared. The stress
values are quite different at each alloy, but the general hysteresis shapes of the four
alloys appear to be similar. All of the examples shown in Figs. 7.9a - d reveal a good
congruence with insignificant deviations.
To evaluate the correlation of the phenomenological model with variable amplitude
experiments, four different load-time functions with single inner hysteresis loops were
considered. All of these comparisons were carried out using AM50 in RD. Figures 7.10a - d
illustrate a comparison of experimentally and numerically determined hysteresis loops.
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Figure 7.9: Comparison between experimentally and numerically determined hysteresis
loops of (a) twin roll cast AM50 sheet metals in RD, (b) extruded ME21 sheet
metals in ED, (c) extruded AZ31B solid rods in ED [158], and (d) extruded
AZ61A tubes in ED [166]; all at completely reversed strain-controlled constant
amplitude tests (Rε(e) = −1 and records at 0.5Nf)
The example shown in Fig. 7.10a is described within section 6.2.1, where additionally the
load-time function is given (Figs. 6.20a and b). In all four examples, each hysteresis loop
occurs once at the same position within one full loop. The test sequences are indicated
by the hysteresis numbers.
Between the model and the experiments, the congruence is high for the envelope and the
inner hysteresis loops in Figs. 7.10a - d. Slight deviations are visible at hysteresis number
5 and 8 in Fig. 7.10a and at the envelope loops in Figs. 7.10c and d. Nevertheless, the
stress values of all reversal points are adequately represented in all cases. The largest
deviation at the investigated examples with about 20 MPa was found at the minimum
stress σmin(t) of hysteresis 6 in Fig. 7.10a.
The model is able to reproduce inner hysteresis loops, which reveal different shapes at
different positions inside the envelope hysteresis loop, accurately (e.g. Figs. 7.10a and
c). At very small strain amplitudes, nearly linear elastic deformation occurs at inner
loops as visible in Fig. 7.10b. The peak stresses and the shapes in these cases fit well,
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Figure 7.10: Comparison between experimentally and numerically determined variable
amplitude hysteresis loops of AM50 sheet metals in RD; (a) example ex-
plained in section 6.2.1, Figs. 6.20a and b; (b) εa,t(e),envelope = 2 % and
εa,t(e),inside = 0.1 %; (c) εa,t(e),envelope = 0.8 % and εa,t(e),inside = 0.3 %; (d)
εa,t(e),envelope = 0.4 % and εa,t(e),inside = 0.1 %; at each example: one full loop
at 0.5Nloop,f
too. A further example that reveals an envelope loop with εa,t(e),envelope = 2 % and 19
inner hysteresis loops with εa,t(e),inside = 0.2 % is illustrated in [32] with a similarly good
congruence.
As a result, all peak stresses achieve an accurate congruence (Figs. 7.9a - d and 7.10a - d).
Other important hysteresis measures are strain energy density components. Therefore,
the combined strain energy density without weighting per cycle ∆Wcomb,ww(t) (Eq. 2.19,
section 2.5.2), is used to quantify the correlation between the model and the experiments.
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Figure 7.11: Comparison of ∆Wcomb,ww(t) for experimentally and numerically determined
hysteresis loops of AM50 in RD at (a) completely reversed constant amplitude
tests (Rε(e) = −1) and (b - f) variable amplitude tests as shown in Figs.
7.10a - d
In Fig. 7.11a, experimentally and numerically determined values of ∆Wcomb,ww(t) are
compared. For this, values of completely reversed strain-controlled constant amplitude
tests (Rε(e) = −1) with different total strain amplitudes εa,t(e) are used. Within these
examples, the largest deviation ∆ between experiment and model is 9 %.
For the variable amplitude tests shown in Figs. 7.10a - d, ∆Wcomb,ww(t) is compared in
Figs. 7.11b - e, respectively. The corresponding hysteresis numbers are identical. At
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the test with large inner hysteresis loops (Fig. 7.10a), the largest deviation ∆ is 16 % at
loop 7 (Fig. 7.11b). The example shown in Fig. 7.10c reveals a similar correlation with
∆ = 15 %. The corresponding loops are also comparatively large.
Figures 7.11c and e show the comparison of ∆Wcomb,ww(t) for the cases with very small
inner hysteresis loops, which are nearly linear elastic (Figs. 7.10b and d). At some of
these small inner hysteresis loops, a larger deviation occurs between the experimentally
and numerically determined values of ∆Wcomb,ww(t). Such small hysteresis loops reveal
very low absolute values of ∆Wcomb,ww(t), where a small absolute deviation causes a large
relative deviation. The largest differences at the inner loops of the example in Fig. 7.10b
occur in cases where the maximum stress σmax(t) is negative and thus, the tensile elastic
strain energy density per cycle ∆Wel+(t) is zero. In Fig. 7.11c, the maximum deviation
is 152 %. Nevertheless, differences of such small absolute values (∆Wcomb,ww(t) < 10
−2)
are insignificant, because they only cause a negligible low damage. In section 8.4, it is
shown that values of ∆Wcomb,ww(t) smaller than 10
−1 lead to Nf greater than 106.
As a general result, the phenomenological stress-strain model is able to calculate the
shape of hysteresis loops with a high reliability at constant and variable amplitude load
sequences. Using these hysteresis loops, a stress, strain, or strain energy based fatigue
parameter can be calculated. This model can be directly used for fatigue calculations on
unnotched specimens. Furthermore, it can be used as a basis for a plasticity correction
on notched sheet metal structures, which is reported in [65].
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8 Fatigue Life Evaluation Methods
Within this chapter, fatigue life evaluations are carried out on three investigated alloys:
AM50, AZ31B, and ME21. The main focus is on the alloy AM50, where most experiments
were conducted (section 3.6). For AZ31B and ME21, only completely reversed stress-
and strain-controlled tests in RD or ED are considered. Different fatigue models are
evaluated on constant amplitude tests. For variable amplitude tests, three different
fatigue parameters are applied and the results are discussed in section 8.5. All fatigue
investigations in sections 8.1 - 8.4 were carried out using experimentally determined
hysteresis loops at 0.5Nf . In section 8.5, additional numerically determined hysteresis
loops are considered for the fatigue life prediction.
8.1 General Fatigue Behavior
Figures 8.1a and b illustrate the fatigue behavior under strain-controlled load conditions
for the alloy AM50. The fatigue lives of specimens, tested at three strain ratios (Rε(e) =
−∞, −1, and 0), whose cyclic deformation behaviors are discussed in sections 6.1.1
and 6.1.4, are compared in Fig. 8.1a. Furthermore, a comparison between RD and
TD is shown. For an overview, the schematic hysteresis shapes at different total strain
amplitudes are indicated in Fig. 8.1a. Between the fatigue lives at different strain ratios
Rε(e) in RD, very low differences are visible at large total strain amplitudes εa,t(e). This
behavior can be explained by the similar hysteresis shapes at these total strain amplitudes,
illustrated in Fig. 6.8b. At lower total strain amplitudes, the differences in the fatigue
lives between different strain ratios Rε(e) are larger. It can be explained by different
resulting mean stresses σm(t), visible in Fig. 6.8a. In transverse direction, the fatigue life
is generally lower in comparison to the rolling direction (Fig. 8.1a). Accordingly, the
raw data show that Nf or rather the fatigue toughness of TD specimens at each applied
εa,t(e) is about the half of that of RD specimens. Halford [57] reported that the fatigue
toughness is in correlation with the tensile elongation after fracture Atens, which is at
AM50 in TD as low as approximately 46 % in comparison to RD (Table 5.1 and Fig. 5.2).
To investigate the material scatter in fatigue tests, more than 50 AM50 specimens were
tested in RD at completely reversed strain-controlled tests (Rε(e) = −1). Using the
example of Rε(e) = −1, the region where twin bands were found, is indicated in Fig 8.1b.
A low overall material scatter is observable, and inside the twin band region the scatter is
slightly larger. This effect is most likely caused by the inhomogeneous strain distribution,
which is caused by the formation and growth of twin bands as explained in section 6.1.3.
This scatter is only visible when a large number of specimens are tested. Therefore, it is
not visible at TD tests and at other strain ratios (Fig. 8.1a). A region in the strain-life
curve with a larger scatter is visible in [164], where also twin bands were found. The
scatter is explained as a horizontal plateau, where the deformation and crack initiation
mechanisms change from dislocation slip dominated to twinning-detwinning dominated
ones [164]. Nevertheless, a relation between twin bands and a larger scatter was not
reported in [164]. As a further result, a bilinear behavior of the strain-life curve is visible
for AM50 at all test conditions shown in Fig. 8.1a. The transition region is at about
εa,t(e) = 0.4 %. Such a bilinear behavior was also found in [67, 109].
The fatigue behavior in case of stress-controlled test conditions is illustrated in Figs.
8.2a and b. Tests at five stress ratios in RD and completely reversed tests in TD are
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compared. At stress-controlled tests, large plastic strain amplitudes occur after exceeding
the compressive yield stress CYS due to abrupt twinning, which is explained in section
6.1.1 on Fig. 6.4b. The specimen evaluated in Fig. 6.4b reveals a fatigue life, which is
more than one decade lower in comparison to a specimen without exceeding CYS at a
marginally lower stress amplitude. Thus, a horizontal gap appears in the stress-life curve,
indicated in Fig. 8.2a. As described in section 6.1.5, the most pronounced twinning
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Figure 8.1: Total strain amplitude εa,t(e) as a function of the fatigue life Nf of AM50 (a)
at different strain ratios in RD and Rε(e) = −1 in TD and (b) at completely
reversed strain-controlled tests in RD with indicated twin band range
and detwinning activity in stress-controlled tests was found at completely reversed test
conditions (Rσ(e) = −1). Hence, the gap can be found only at Rσ(e) = −1 in the
performed tests in RD and in TD. Gaps and kinks in strain-life curves were also found in
[164] for extruded ZK60 and in [93, 165] for extruded AZ61A. The kinks in the strain-life
curves in [93, 165] at a transition region at εa,t(e) = 0.5 % are explained by a change in
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the cyclic plastic deformation mode: dislocation slip at small strain amplitudes, twinning
and detwinning at larger strain amplitudes.
The mean stress σm(t) is more detrimental for the fatigue life in comparison to the mean
strain εm(t) (section 6.1.6). At any strain-controlled test, the maximum achieved mean
stress σm(t) is below 60 MPa (Fig. 6.17a). In contrast, the maximum applied mean stress
at stress-controlled tests was 195 MPa at Rσ(e) = 0.5. This is a reason why the stress-life
2 
 
 
  
101 102 103 104 105 106
0
50
100
150
200
250
cycles to failure Nf [-]
R=-2
R=-1
R=-0.5
R=0
R=0.5
R=-1 TDs
tr
es
s 
am
pl
itu
de
 σ
a(
e)
[M
Pa
]
-∞
-2
-1
-0.5
0
0.5
-1 (TD)
Rσ(e)=
(RD)
103 104 105 106
40
60
80
100
120
140
cycles to failure Nf [-]
st
re
ss
 a
m
pl
itu
de
 σ
a(
e)
[M
Pa
]
ME21 
r 2 = 0.97 
σa(e) = 202(2Nf)-0.0860 
gap at Rσ(e) = -1
(RD and TD) 
AZ31B 
r 2 = 0.96 
σa(e) = 272(2Nf)-0.0676 
σa(e) = 213(2Nf)-0.0420
AM50
r 2 = 0.76 
(a) 
(b) 
Figure 8.2: Stress amplitude σa(e) as a function of the fatigue life Nf (a) of AM50 at
different stress ratios in RD and Rσ(e) = −1 in TD and (b) of three different
alloys at Rσ(e) = −1 in RD or ED with corresponding regression functions
behavior strongly deviates between the different stress ratios Rσ(e), as visible in Fig.
8.2a. At strain-controlled tests, comparatively low differences between the fatigue lives
at the investigated strain-ratios can be seen (Fig. 8.1a). Another finding in Fig. 8.2a
is that the fatigue life in TD is lower in comparison to RD. This behavior is similar to
strain-controlled tests (Fig. 8.1a).
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In the case of completely reversed stress-controlled tests, the fatigue life of AM50, AZ31B,
and ME21 sheet metals is compared in Fig. 8.2b in the cycle range 103 < Nf ≤ 5 · 106
with the corresponding regression functions. Between AM50 and AZ31B, there are only
small differences, which can be assumed from the small differences in the quasi-static
(section 5.1) and cyclic properties (section 6.1.1). The tolerable stress amplitudes of
ME21 are much lower, which is in agreement with the lower stress values in quasi-static
stress-strain curves and hysteresis loops (sections 5.1 and 6.1.1).
Using three AM50 specimens in RD, the cycle range 106 < Nf ≤ 108 was investigated
using a magnetic resonance test system. All three specimens, tested with a stress
amplitude σa(e) = 70 MPa and Rσ(e) = 0, endured 10
8 cycles without failure. At slightly
larger stress amplitudes, Nf decreases by more than two decades. For example: Nf is as
low as about 280,000 at σa(e) = 75 MPa (Fig. 8.2a). Thus, the slopes of the stress- and
strain-life curves in the cycle range 106 < Nf ≤ 108 are very small. Using an extruded
AZ31 magnesium alloy, Nan et al. [115] also found a very low slope in the stress-life
curve at Nf > 10
6 under completely reversed stress-controlled test conditions. Refer to
[122, 160] for further information on the very high cycle fatigue behavior of wrought
magnesium alloys.
8.2 Fractographic Findings
Within this work, the fractographic behavior was investigated at all cyclic tests on AM50.
In general, all cracks start close to one or two corners of the rectangular cross section.
Cracks, which start inside of the specimens, were not found. They start in a tensile
manner perpendicular to the load direction, very similar to the shape shown in [164].
At the end of the stable cyclic crack propagation perpendicular to the load direction,
the crack surfaces consume about 5 - 20 % of the cross section, about 5 % at high loads
and about 20 % at low loads. Rapid fractures into two pieces occur thereafter, resulting
in a rapid fracture surface with an angle of about 45◦ in relation to the load direction.
In contrast to these findings, Li et al. [93] found for extruded AZ61A that the crack
morphology is perpendicular to the load direction over the whole cross section in case
of low total strain amplitudes (e.g. εa,t(e) = 0.3 %). The crack morphology changes
at a transition point at εa,t(e) = 0.5 % from tensile fracture into shear fracture [93]. It
is additionally reported in [93] that the fatigue crack initiation at strain amplitudes
εa,t(e) > 0.5 % is dominated by twinning and detwinning and at εa,t(e) ≤ 0.5 %, it is
dominated by dislocation slip.
In the case of AM50 specimens, fatigue cracks were found inside and outside of the twin
bands. Nevertheless, in the vicinity of a fatigue crack, many twins were found in all of
the eight specimens, investigated by optical microscopy (Rε(e) = −1 and εa,t(e) = 0.26 %,
0.28 %, 0.3 %, 0.5 %, 0.6 %, 0.7 %, 0.8 %, and 2 %). Similar findings are reported in [93].
It is noted that the crack tip serves as a stress raiser and induces mechanical twinning
ahead of the crack tip [93].
8.3 Manson-Coffin-Basquin Approach and Smith-Watson-Topper
Model
As mentioned in section 2.6.1, the Manson-Coffin-Basquin (MCB) approach [14, 29, 107] is
the most commonly used method to describe the fatigue life of wrought magnesium alloys.
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Within this section, the correlations between the MCB approach and experimentally
determined results for the three investigated magnesium sheet metals AM50, AZ31B,
and ME21 are evaluated. Furthermore, the Smith-Watson-Topper mean stress correction
method [144] is investigated and discussed in comparison to other previously used
methods.
8.3.1 Strain-Life Curves of AM50, AZ31B, and ME21
In Figs. 8.3a, b, and 8.4a, the strain-life curves of AM50, AZ31B, and ME21 in RD or
ED are illustrated with the corresponding elastic and plastic lines and the experimentally
determined values according to Manson, Coffin and Basquin [14, 29, 107]. The values of
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Figure 8.3: Strain-life curves of (a) AM50 and (b) AZ31B sheet metals, described by
the Manson-Coffin-Basquin approach with the corresponding experimentally
determined values and εa,pl,m1(t) as the plastic strain amplitude; elastic and
plastic lines are included as well
the indicated regression functions are given in Eqs. 8.1, 8.2, and 8.3. Similar to Fig. 8.1b,
a larger scatter of the plastic strain amplitude εa,pl,m1(t) is visible in the strain range,
where twin bands were found. Due to the lower number of specimens used for AZ31B
and ME21, this scatter is not visible (Figs. 8.3b and 8.4a).
Figures 8.3a, b, and 8.4a illustrate that the plastic strain component εa,pl,m1(t) reveals a
bilinear trend in case of all three alloys. In section 2.5.1, an example of the strain-life
curve of ME21 is shown for the total strain amplitude range 0.18 - 0.8 %, leading to a
result without bilinearity. In Fig. 8.4a, the results of specimens tested with the total
strain amplitude εa,t(e) = 1.6 % and 2.5 % are additionally considered, which is why a
bilinear trend is visible. The determined parameters of the regression functions in Figs.
2.15 and 8.4a are nearly identical in case of Nf > Ncutoff . In [67, 109], it is explained
that the plastic strain amplitude is dominated by twinning and detwinning in the region
Nf ≤ Ncutoff and by dislocation slip in the region Nf > Ncutoff .
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Figure 8.4: Strain-life curves of (a) ME21 with the corresponding experimentally deter-
mined values and the included elastic and plastic lines; εa,pl,m1(t) is used as
the plastic strain amplitude; (b) comparison of strain-life curves of different
alloys (1: extruded AZ31 [67], 2: extruded AZ31 [136], 3: rolled AZ31 [120],
4: extruded AZ31B [95], 5: extruded AZ31B-F [59]); (a) and (b) described
by the Manson-Coffin-Basquin approach
To evaluate the goodness of fit, the coefficient of determination r2 is used, as noted in
section 2.5.1. It can be seen that each individual strain component in Figs. 8.3a, b, and
8.4a reveals a good correlation of at least r2 ≥ 0.90.
AM50 RD: εa,t(t) =

345 MPa
E
(2Nf)
−0.0894 + 0.619(2Nf)−0.766 if Nf ≤ 2,394
345 MPa
E
(2Nf)
−0.0894 + 0.0160(2Nf)−0.335 if Nf > 2,394
(8.1)
AZ31B RD: εa,t(t) =

312 MPa
E
(2Nf)
−0.0751 + 3.51(2Nf)−1.08 if Nf ≤ 898
312 MPa
E
(2Nf)
−0.0751 + 0.0134(2Nf)−0.335 if Nf > 898
(8.2)
ME21 ED: εa,t(t) =

201 MPa
E
(2Nf)
−0.0982 + 15.3(2Nf)−1.36 if Nf ≤ 146
201 MPa
E
(2Nf)
−0.0982 + 0.0431(2Nf)−0.326 if Nf > 146
(8.3)
As visible in Fig. 8.4b, the strain-life curves of AM50 and AZ31B sheet metals of the
present study are very similar. ME21 sheet metals reveal lower values especially in cases
with larger cycles to failure. In comparison to other studies, the strain-life curves of the
three investigated alloys lie in an expected range. This is an indication that the surface
quality of the specimens was good enough for fatigue tests. Curves 3, 4, and 5 in Fig.
8.4b are determined without a bilinear plastic strain component. This is most likely the
reason for the small predicted fatigue life at Nf < 10
2.
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8.3.2 Stress- and Strain-Based Mean Stress Correction Methods
Strain-life curves were typically determined at completely reversed strain-controlled
conditions. Using these results, stress- and strain-based mean stress correction methods
can be applied to predict the fatigue life under various load conditions. In section
2.6.1, an overview of mean stress correction methods is given. As a general result, the
Smith-Watson-Topper parameter PSWT [144] is most commonly used. In some studies, an
adequate correlation between PSWT and experimental results was reported (e.g. [59, 164]).
Figure 8.5a shows the Smith-Watson-Topper parameter PSWT (Eq. 2.5) as a function of
Nf for AM50 at several different stress and strain ratios with the corresponding regression
functions and the ± 2x scatter bands (2Nf and 0.5Nf bands). In Fig. 8.5b, all values
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Figure 8.5: Smith-Watson-Topper parameter PSWT(t) as a function of the fatigue life Nf
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from Fig. 8.5a and additional values from the alloys AZ31B and ME21 are illustrated.
All values, shown in Figs. 8.5a and b, are from RD or ED specimens, respectively. Two
methods to determine the regression functions for PSWT(t) as a function of Nf are typically
used: the calculation with the compatibility conditions, which is explained in section
2.5.1 on ME21 (Eq. 2.6), and the calculation based on the experimentally determined
values of PSWT(t). In case of Fig. 8.5a, the regression functions are determined, based
on the experimentally determined values of PSWT(t) for each individual specimen, to get
the best possible fit. Figures 8.5a, b, and the strain-life curves in Figs. 8.3a, b, and
8.4a show that a bilinear behavior exists. Nevertheless, the number of cycles N at the
cutoff point Ncutoff is quite different in Figs. 8.5a and b in comparison to the strain-life
curve of AM50 (Eq. 8.1, Fig. 8.3a). A determination of the regression functions with
the compatibility conditions (Eq. 2.6) was tested for AM50 in RD with a slightly lower
correlation compared to the regression functions shown in Fig. 8.5a. The comparison,
shown in Fig. 8.5b, illustrates that the same regression functions are valid for AM50 and
AZ31B. In case of ME21, other regression functions are necessary.
Figure 8.5a shows that the correlation at low cycles to failure Nf ≤ Ncutoff is quite large
(r2 = 0.90) and most of the values lie inside the ± 2x scatter bands. Nevertheless, many
specimens reveal a large deviation at Nf > Ncutoff . Hence, the Smith-Watson-Topper
parameter is not adequate to predict the fatigue life of wrought magnesium alloys at
arbitrary load situations. As shown by means of Fig. 6.8a, there are some cases where
the maximum stresses σmax(t) and the total strain amplitudes εa,t(e) are nearly identical
at different hysteresis loops. However, the hysteresis areas and therefore, the fatigue lives,
are quite different. This is an additional reason for the comparatively large deviations
between the predictions with PSWT(t) and the experiments.
Besides the evaluation of the Smith-Watson-Topper model, the modified Basquin model,
proposed by Lin et al. [96] was applied on the present experimental data of AM50 in
RD at different stress ratios. It works well at stress ratios Rσ(e) > −0.5, where twinning
and detwinning do not occur. Nevertheless, it was found that it is not possible to
describe the fatigue life at lower stress ratios. The proposed power functions do not
match the experimental data at stress ratios Rσ(e) < −0.5 in case of distinct twinning
and detwinning.
8.4 Energy Based Fatigue Models
The plastic strain energy density per cycle ∆Wpl(t) is the most cyclic stable parameter at
large strain amplitudes (section 6.1.7). In contrast, the most cyclic stable parameters at
comparatively small strain amplitudes are the stress amplitude σa(t) and the tensile elastic
strain energy density per cycle ∆Wel+(t). Hence, an energy based fatigue parameter
with a combination of ∆Wpl(t) and ∆Wel+(t) is thought to be a promising one. An
important advantage of an energy based fatigue parameter is the consideration of the
whole hysteresis shape, which is necessary as described by means of Fig. 6.8a (section
6.1.4).
Park et al. [130] found a good correlation between experiment and prediction using the
combined strain energy density without weighting per cycle ∆Wcomb,ww(t) (Eq. 2.19).
Accordingly, all results are located inside the ± 2x scatter bands. In [7, 62, 129, 142],
similar results were found. In all of these investigations, the considered cycle range is
102 < Nf < 10
5 using few or only one stress or strain ratio. Hence, a single regression
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function without bilinearity is the result. The Nf -range in the present work, considered
for energy based fatigue investigations, is 101 < Nf ≤ 106. Furthermore, five stress ratios
and three strain ratios are evaluated.
Figure 8.6a shows ∆Wcomb,ww(t) as a function of Nf with the corresponding regression
functions and the ± 2x scatter bands. Similar to the strain-life curve and the Smith-
Watson-Topper curve, a bilinear trend exists. Thus, four material constants are necessary
to describe the fatigue life with a bilinear power function as noted in Eq. 8.4. These are
the energy fatigue strength coefficients C and the energy fatigue strength exponents m,
each for Nf ≤ Ncutoff and Nf > Ncutoff .
∆Wcomb,ww(t) = ∆Wel+(t) + ∆Wpl(t) =

Ctw · (Nf)mtw if Nf ≤ Ncutoff
Csl · (Nf)msl if Nf > Ncutoff
(8.4)
To determine the regression functions, the values of all individual specimens are used.
The number of cycles at the cutoff point of the two regression functions was estimated
in the first step. Specimens with Nf ≤ Ncutoff are used to determine the first regression
function and the other specimens are used for the second regression function. After the
determination of both regression functions, the number of cycles at the cutoff point was
calculated and, if necessary, the regression functions were corrected using the calculated
Ncutoff .
The advantage of ∆Wcomb,ww(t) (Eq. 8.4) in comparison to other fatigue parameters
such as PSWT is that the component ∆Wpl(t) predominates at high load amplitudes and
∆Wel+(t) at medium and low load amplitudes, independent of the control mode (Figs.
6.18a, b, Figs. 6.19a, b, and [37]). Thus, the significant variation of ∆Wpl(t) at low load
amplitudes and that of ∆Wel+(t) at high load amplitudes can be compensated. As a
general result, a very good correlation is reached in cases of Nf ≤ Ncutoff . Nevertheless,
in cases of Nf > Ncutoff , a lot of specimens lie outside the ± 2x scatter band and the
correlation is quite low. This indicates that ∆Wel+(t) does not accurately accounts for
the effect of the mean stress σm(t) at arbitrary load cases.
One finding is that the maximum correlation for all investigated stress and strain ratios
over the whole cycle range is reached if the tensile elastic strain energy density per
cycle ∆Wel+(t) is weighted. With a maximum coefficient of determination r
2 as the
optimization goal, the best weighting was reached via parameter optimization. The
result is given in Eq. 8.5 and illustrated in Fig. 8.6b with the corresponding regression
functions and ± 2x scatter bands. The new fatigue parameter is called “combined strain
energy density per cycle ∆Wcomb(t).”
∆Wcomb(t) = 0.25 ∆Wel+(t) + ∆Wpl(t) =

Ctw · (Nf)mtw if Nf ≤ Ncutoff
Csl · (Nf)msl if Nf > Ncutoff
(8.5)
During the optimization, the increment was 0.1 at the beginning and 0.01 near the
optimum. When changing the weighting factor, also Ncutoff has altered from 1,120 to
2,200. Hence, the usage of some specimens for the right regression function changes to
the usage for the left regression function, which was considered in an iterative process.
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Figure 8.6: (a) combined strain energy density without weighting per cycle ∆Wcomb,ww(t)
and (b) combined strain energy density per cycle ∆Wcomb(t) as a function
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corresponding regression functions and ± 2x scatter bands
The concept of the weighting of ∆Wel+(t) is the appropriate modeling of the material
specific mean stress sensitivity. It can be seen in Fig. 8.6a that the influence of the
tensile mean stress, represented by a 100 % weighting of ∆Wel+(t), is overestimated. In
particular, this is visible for Rσ(e) = 0.5 specimens. The best correlation is reached, if
∆Wel+(t) is weighted with 25 % (Fig. 8.6b). Comparing the results of ∆Wcomb(t) (Fig.
8.6b) with these of ∆Wcomb,ww(t) (Fig. 8.6a) and PSWT(t) (Fig. 8.5a), the maximum
correlation is reached for ∆Wcomb(t) at both regression functions. Furthermore, most of
the specimens lie inside the ± 2x scatter bands at Nf ≤ Ncutoff and at Nf > Ncutoff .
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Nevertheless, calculated values, which lie outside of the ± 2x scatter bands, lie in the
medium cycle region 103 < Nf < 5 · 104 at Rε(e) = −1 and Rσ(e) = −2. As explained by
means of Figs. 8.1b and 8.3a, the larger scatter at Rε(e) = −1 is most likely caused by
the inhomogeneous strain distribution due to twin bands. In contrast, the deviations
at Rσ(e) = −2 might be caused by an anisotropy of the fatigue properties. At the
specimens, tested with Rσ(e) = −2, where the largest deviation occurs near Ncutoff , a
large compressive mean strain occurs in the first cycle (Fig. 6.12). Hence, large twin
densities were applied, leading to a rotation of the c-axis from the sheet normal direction
to the load direction by about 86.3◦ at large volume fractions. Due to the lack of
detwinning, the direction of the c-axis remains nearly constant over the remaining fatigue
life at these specimens. More tests are necessary to quantify the supposed direction
dependency of the fatigue life.
In case of Rσ(e) = −∞, both energy based fatigue parameters (∆Wcomb,ww(t) and
∆Wcomb(t)) are nearly zero, since ∆Wel+(t) is zero and ∆Wpl(t) is negligibly low (see
Fig. 6.10). Two tests were carried out with the stress ratio Rσ(e) = −∞ and an as
high as possible stress amplitude σa(e). The maximum possible value was 150 MPa
(σmin(e) = −300 MPa), after which buckling was first detected on the specimen at the
brink of the buckling guide. Thus, the maximum applicable load range of Rσ(e) = −∞
is covered. No macroscopic damage was detected at both specimens and the tests were
stopped at N = 106. These specimens do not appear in Figs. 8.6a and b, where only
fatigued specimens are evaluated.
Another weighted energy based fatigue parameter was presented in [36]. This parameter
additionally reveals a further weighting function and considers the pseudoelastic strain
energy density per cycle ∆Wpsel+(t). Nevertheless, these additional efforts improve the
fatigue life prediction only insignificant and the correlation of ∆Wcomb(t) (Eq. 8.5) is
similar in comparison to the parameter shown in [36].
As illustrated for AM50 in Figs. 8.1a and 8.2a, the fatigue life in TD is about the half
of that in RD at the same load amplitude. This behavior requires different regression
functions for RD and TD (Fig. 8.7). In Fig. 8.7, the regression functions for RD are
plotted with the corresponding ± 2x scatter bands. In case of TD, the regression functions
are plotted and the corresponding results of the individual specimens are illustrated.
It can be recognized that the regression functions for TD lie below that of RD. It was
tested to develop one single pair of regression functions for RD and TD. In this case, the
correlation enormously decreases to values of r2 = 0.74 for Nf ≤ Ncutoff and r2 = 0.59
for Nf > Ncutoff .
Figures 8.8a and b illustrate ∆Wcomb,ww(t) and ∆Wcomb(t) as a function of Nf for all
three investigated alloys. The plotted regression functions are these of AM50 in RD.
Between AM50 in RD and AZ31B in RD, comparatively small differences are obvious
at the stress-life and strain-life curves. Accordingly, ∆Wcomb,ww(t) and ∆Wcomb(t) show
nearly identical fatigue functions (Figs. 8.8a and b). In case of ∆Wcomb,ww(t), the values
of ME21 in ED lie below those of AM50 and AZ31B in RD in the non-conservative region.
In Fig. 8.8b, it is visible that the combined strain energy density per cycle ∆Wcomb(t)
can predict the fatigue life of all three alloys with only one pair of regression functions,
whereas the stress-life and strain-life curves are quite different (Figs. 8.2b and 8.4b).
Most of the values lie inside the ± 2x scatter bands (Fig. 8.8b). Nevertheless, a small
deviation between the values of ME21 in ED and the regression function can be seen in
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Figure 8.8: (a) ∆Wcomb,ww(t) and (b) ∆Wcomb(t) as a function of Nf ; (a) and (b) values
of AM50 in RD, AZ31B in RD, and ME21 in ED; regression functions and
± 2x scatter bands are from AM50 in RD (Figs. 8.6a and b)
the region Nf ≤ Ncutoff . This phenomenon, which was initially reported in [34], is most
likely in correlation with the lower tensile elongation after fracture of ME21 in ED in
comparison to AM50 and AZ31B in RD (Table 5.1) as explained in sections 6.1.2 and 8.1.
The similar tensile elongations after fracture (Table 5.1) at the three alloys let assume
the similarity of ∆Wcomb(t) also in TD.
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8.5 Fatigue Life at Variable Amplitude Tests
Within this section, the fatigue evaluations on variable amplitude tests are carried out
using the three fatigue parameters PSWT(t), ∆Wcomb,ww(t), and ∆Wcomb(t). In general,
the damage accumulation was carried out using the linear damage accumulation rule of
Palmgren and Miner [55] (Eq. 2.1), which is described in section 2.5.1.
The fatigue lives of the exceptional cases with cyclic stress relaxation (section 6.2.2) are
evaluated and discussed within the next paragraphs. For this purpose, the first inner
hysteresis loop of each specimen (N = 11) and the inner hysteresis loop at 0.9Nf were
considered. All these loops were determined experimentally. Table 8.1 lists the calculated
cycles to failure Nf using the corresponding regression functions for the three considered
fatigue parameters as given in sections 8.3.2 and 8.4.
Table 8.1 shows that the Smith-Watson-Topper parameter PSWT(t) fails to predict the
fatigue life in all cases. If the maximum stress σmax(t) is below zero, which is possible
at small inner hysteresis loops (e.g. specimen 1 in Fig. 6.22b), PSWT(t) is not defined
(designated by “out of range” in Table 8.1). The results, determined by both energy
based fatigue parameters, are more adequate with Nf > 10
6.
Table 8.1: Fatigue life evaluation at cyclic stress relaxation tests shown in Figs. 6.22 and
6.23
specimen number of cycles to failure Nf
evaluated in exp. evaluation loop ∆Wcomb,ww(t) ∆Wcomb(t) PSWT(t)
Fig. 6.22 (spec. 1) >106
N = 11: >106 >106 out of range
N = 106: >106 >106 out of range
Fig. 6.22 (spec. 2) 34,000
N = 11: 12,500 56,600 395,000
N = 31,000: 38,800 142,000 >106
Fig. 6.23 (spec. 3) 48,000
N = 11: 324,000 7,710 >106
N = 43,000: >106 68,500 >106
Fig. 6.23 (spec. 4) 6,160
N = 11: 975 3,360 1,350
N = 5,510: 1,110 7,710 1,920
In case of specimen 2, ∆Wcomb,ww(t) delivers more accurate results in comparison to
∆Wcomb(t). If the first inner loop is considered, Nf is underpredicted, and for the loop at
0.9Nf , Nf is slightly overpredicted by using ∆Wcomb,ww(t). A similar tendency is visible
for ∆Wcomb(t), whereas both values of Nf are too high for specimen 2. In cases with
noticeable hysteresis areas (specimens 3 and 4), ∆Wcomb(t) is the most accurate fatigue
parameter. Hence, the most accurate results of Nf at these examples are most likely
reached by considering inner loops at 0.5Nf .
As described in section 6.2.3, load-time functions, which are typical of car body structures,
e.g., reveal a more random behavior [61]. In such cases, cyclic stress relaxation is compar-
atively low (Fig. 6.24b). A comparison of hysteresis loops between the phenomenological
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stress-strain model and experiments is given in [32]. A good correlation is reached
between model and experiment, although no cyclic stress relaxation was considered.
For the evaluation of the fatigue life at other representative variable amplitude load cases,
five load-time functions were used to test two specimens per load-time function. Figures
8.9a, c, and e illustrate the strain-time functions of these examples. The corresponding
hysteresis loops at 0.5Nloop,f are plotted in Figs. 8.9b, d, and f, respectively. A special
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Figure 8.9: (a), (c), and (e) Strain-time functions of variable amplitude tests with multiple
inner hysteresis loops; (b), (d), and (f) one full loop at 0.5Nloop,f for each
strain-time function; x1 = x2 = x3 = 60 as an example in case of (d)
case is given in Fig. 8.9c, representing three different strain-time functions:
 x1 = 110, x2 = 60, and x3 = 10
 x1 = 60, x2 = 60, and x3 = 60
 x1 = 10, x2 = 60, and x3 = 110
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At all these examples, inner hysteresis loops occur comparatively often in order to
considerably account for damage. All in all, 12 specimens were evaluated using strain-
time functions with multiple inner hysteresis loops: the ten specimens described above
and two specimens described in Fig. 6.24a and b. Additionally, the results of the ten
specimens with single inner hysteresis loops, illustrated in Figs. 7.10a - d and [32], were
used for fatigue life predictions. The examples with single inner hysteresis loops generally
reveal large envelope hysteresis loops, mainly accounting for the damage.
Figure 8.10 shows a comparison of numerically and experimentally determined full loops
to failure Nloop,f using three fatigue parameters: PSWT(t), ∆Wcomb,ww(t), and ∆Wcomb(t).
All fatigue life calculations on variable amplitude tests were carried out using hysteresis
loops, which were numerically determined with the phenomenological stress-strain model,
described in section 7.2. For the assignment of the individual values, numbers are
indicated. Each number assigns the values of two equal variable amplitude fatigue tests.
It can be recognized in Fig. 8.10 that fatigue life predictions at low numbers of full loops
to failure up to Nloop,f = 3 · 102 are best for ∆Wcomb(t) and adequate for PSWT(t). Using
∆Wcomb,ww(t), large deviations occur in many specimens. In general, most calculations
lie inside the ± 2x scatter band when using ∆Wcomb(t) as fatigue parameter. However,
there exist some strain-time functions, where predictions with ∆Wcomb(t) deviate more
than factor two.
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Figure 8.10: Comparison of numerically and experimentally determined full loops to
failure Nloop,f using three fatigue parameters: PSWT(t), ∆Wcomb,ww(t), and
∆Wcomb(t); including assignment numbers
Assignment numbers in Fig. 8.10:
1. strain-time function of Fig. 8.9a
2. strain-time function of Fig. 6.24a
3. strain-time function of Fig. 8.9c with x1 = 110, x2 = 60, and x3 = 10
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4. strain-time function of Fig. 8.9c with x1 = x2 = x3 = 60
5. corresponding hysteresis loops in Fig. 7.10a
6. strain-time function of Fig. 8.9c with x1 = 10, x2 = 60, and x3 = 110
7. corresponding hysteresis loops in [32] (Fig. 15c)
8. corresponding hysteresis loops in Fig. 7.10b
9. corresponding hysteresis loops in Fig. 7.10c
10. strain-time function of Fig. 8.9e
11. corresponding hysteresis loops in Fig. 7.10d
To quantify the quality of the used fatigue parameters, the average deviation between
experiment and fatigue life prediction is calculated based on the values of all 22 tested
specimens. The following average deviations occur:
 PSWT(t): 140 %
 ∆Wcomb,ww(t): 79 %
 ∆Wcomb(t): 63 %
As a general result, the combined strain energy density per cycle ∆Wcomb(t) reveals the
most accurate results at constant amplitude tests and also at variable amplitude tests
at all investigated load-time functions. Due to the high correlation, ∆Wcomb(t) is well
suitable for fatigue life predictions on magnesium wrought alloys.
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9 Summary and Outlook
The aim of this work is the evaluation of the quasi-static and cyclic mechanical properties
of wrought magnesium alloys and the development of a fatigue model, which can be used in
commercial fatigue analysis software for numerical fatigue analyses. For most evaluations,
magnesium sheet metals made of three different alloys, which were manufactured by
recently developed processes, are considered: twin roll cast AM50 and AZ31B magnesium
sheet metals with a nominal thickness of 1.2 mm, both provided by the Magnesium
Flachprodukte GmbH (MgF) and extruded ME21 magnesium sheet metal with a nominal
thickness of 1.5 mm, provided by the Stolfig GmbH.
Microstructural investigations were carried out on all three sheet metals before loading to
characterize the microstructure and texture. Furthermore, optical micrographs of AM50
were captured after deformation. The average grain size, determined on the specimen
surface, is about 5µm at AM50 and AZ31B and about 20µm at ME21. Only insignificant
differences were found between the grain size in rolling or extrusion direction RD or ED
and transverse direction (TD). Using the example of AM50, the grain size was found
to be about 5µm for all three spatial directions. In the case of all three alloys, strong
basal textures with comparatively high intensity levels were determined, with an average
tilting angle of the c-axis from the normal to the rolling and / or extrusion direction of
about 5◦ at AM50 and AZ31B and about 20◦ at ME21.
All experiments were carried out at room temperature. Quasi-static tests were carried
out with the load direction parallel to RD or ED and in TD on all three alloys. These
tests were conducted in tensile and compressive direction, wherefore appropriate buckling
guides were developed. Cyclic tests were carried out on the alloys AZ31B and ME21
under completely reversed stress- and strain-controlled conditions in RD or ED. Most
cyclic tests were conducted on AM50. For this purpose, several different test and load
conditions were evaluated by testing of about 230 specimens. The most important ones
are:
 tests at different stress and strain ratios
 tests at constant and variable amplitudes
 tests in rolling or extrusion and in transverse direction
The strong basal textures of all three investigated sheet metals are responsible for an
anisotropic and asymmetric behavior of the mechanical properties. The compressive
yield stress is between 40 % and 70 % of the tensile yield stress. Furthermore, the specific
(0002) pole eccentricity enables distinct prismatic <a> slip in RD or ED, but not in TD.
Hence, the tensile elongation after fracture in TD is only between 25 % and 54 % of that
in RD or ED at all three alloys.
The quasi-static and cyclic properties of AM50 and AZ31B magnesium sheet metals are
found to be similar. In comparison to AM50 and AZ31B, the tensile and compressive
yield stresses of ME21 are lower in ED and TD. This is mainly caused by the four times
larger grain size, which is predicted by the Hall-Petch relationship. Furthermore, ME21
reveals plastic deformations at very low stresses, slightly above zero. This leads to a
lower stiffness, visible in stress-strain curves of ME21.
In the range of medium to large plastic strains up to about 5 - 10 %, plastic tensile
strains are caused by basal <a> slip and in some cases by prismatic <a> slip. Plastic
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compressive strains are enabled by mechanical {101¯2}<101¯1> twinning. After exceeding
the compressive yield stress, a nearly zero strain hardening rate was detected at all three
alloys until nearly the whole gauge section is twinned. During compressive deformation,
macroscopic twin bands were found and evaluated within this research study for the first
time. These are nearly parallel macroscopic bands with parallel boundaries, which range
over the whole specimen width and cause a non-uniform strain distribution.
Special focus is given to the shape of hysteresis loops in cyclic tests. The direction
dependency of twinning and detwinning leads to non-symmetric and sigmoidal hysteresis
loops within the elasto-plastic load range. Furthermore, all three alloys reveal pseudoe-
lastic behavior, which is caused by partial detwinning. This is responsible for nonlinear
unloading curves. In strain-controlled constant amplitude tests, the hysteresis shape
depends only slightly on the strain ratio. In contrast, the hysteresis shape strongly
depends on the stress ratio in stress-controlled constant amplitude tests. Due to this
control mode, large plastic strains were applied after exceeding the compressive yield
stress, caused by abrupt twinning of the whole gauge section. In strain-controlled variable
amplitude tests, the envelope hysteresis loops look quite similar to those of constant
amplitude tests. The shapes of inner hysteresis loops look different at different mean
strains. However, the determined hysteresis shapes are completely different in comparison
to Masing-like materials.
To model the specific hysteresis shapes of wrought magnesium alloys within the elasto-
plastic load range, which is necessary for numerical fatigue analyses, a one-dimensional
phenomenological stress-strain model was developed and evaluated within this work.
This model consists of a three-component equation, which considers elastic, plastic, and
pseudoelastic strain components. Eight material constants are necessary, which can be
estimated from experimentally determined hysteresis loops. The model assumes a cyclic
stabilized state. Hence, cyclic hardening or softening and cyclic stress relaxation are
not considered. The model is able to calculate fatigue parameters such as stress, strain,
and strain energy density components. Considering different magnesium alloys, a high
correlation is reached between numerically and experimentally determined hysteresis
loops by means of different constant and variable amplitude strain-time functions. This
stress-strain model can be used for fatigue analyses on unnotched structures. Furthermore,
it can be used as the basis for a plasticity correction within the local strain concept.
In a further step, the fatigue behavior of the three alloys AM50, AZ31B and ME21 was
analyzed. Like in quasi-static tests, the fatigue resistance of AM50 and AZ31B is quite
similar while that of ME21 is lower. It is found for AM50 that the fatigue toughness
and thus, the fatigue life is noticeably lower in TD in comparison to that in RD, which
correlates with the lower tensile elongation after fracture in TD.
To calculate the fatigue life, different existing stress, strain, and strain energy based
fatigue parameters were tested for constant amplitude tests at several different stress
and strain ratios on the alloy AM50 in RD. Noticeable deviations between calculations
and experiments were found, which is why a new fatigue parameter was developed for
wrought magnesium alloys. This parameter, called “combined strain energy density per
cycle ∆Wcomb(t),” is defined as the sum of the plastic and a weighted tensile elastic strain
energy density per cycle.
The weighting factor was determined by means of parameter optimization with a maximum
coefficient of determination as optimization goal. A 25 % weighting of the tensile elastic
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strain energy density per cycle represents the material specific mean stress sensitivity
most accurately. Accordingly, most of the investigated AM50 specimens lie inside the
± 2x scatter bands. A single bilinear regression function was found to be able to describe
the fatigue life of all three investigated alloys in RD or ED with only one set of fatigue
material constants for the function ∆Wcomb(Nf). Nevertheless, a different regression
function is necessary to describe the fatigue life in TD, caused by a lower fatigue life in
comparison to RD. Twin bands, which were also found in cyclic strain-controlled tests at
medium total strain amplitudes, are responsible for a nonuniform strain distribution and
lead to a larger scatter in the fatigue life prediction.
A total number of 22 specimens were used for fatigue life evaluations at variable amplitude
load conditions, comparing the Smith-Watson-Topper parameter PSWT(t), the combined
strain energy density without weighting per cycle ∆Wcomb,ww(t) and the combined strain
energy density per cycle ∆Wcomb(t). These variable amplitude fatigue tests on magnesium
wrought alloys were conducted and evaluated within this work for the first time. All of
these evaluations are done using modeled hysteresis loops. The most accurate results
at constant amplitude tests and also at variable amplitude tests at all investigated
load-time functions are reached by using ∆Wcomb(t). As a general result, the fatigue life
can be described most accurately by using the new fatigue parameter “combined strain
energy density per cycle ∆Wcomb(t)” in combination with the developed phenomenological
stress-strain model for magnesium wrought alloys. The necessary material constants are
provided for all three alloys in RD or ED and for AM50 also in TD. With this information
and the determined material constants for the phenomenological stress-strain model,
numerical fatigue analyses can be carried out for arbitrary uniaxial load conditions.
The developed phenomenological stress-strain model is a cornerstone for accurate numeri-
cal fatigue analyses within the local strain concept. In a further step, the developed model,
which is programmed within Matlab, can be implemented in a commercial fatigue analysis
software such as nCode DesignLife. One important issue during this implementation is
the compatibility with the load-time function, given in the fatigue analysis software. All
evaluations within this thesis were carried out on unnotched specimens. Thus, no local
plasticity correction was necessary. Numerical fatigue analyses on notched structures
including plasticity correction can be carried out using hysteresis loops, modeled with the
developed phenomenological stress-strain model. For this, a plasticity correction method
must be implemented in the program routine. Further investigations are necessary to
implement a plasticity correction method and to evaluate the validity of the developed
phenomenological stress-strain model in combination with it.
In an additional step, the general fatigue behavior of notched magnesium sheet metal
specimens can be evaluated. Preliminary tests have shown that twin bands occur in the
vicinity of notch tips. Furthermore, it was found that the effect of notch sensitivity is
significant and must be considered at fatigue analyses. For this purpose, the multiaxial
stress-strain behavior should be investigated in detail in further works. Furthermore, the
influence of the forming process such as deep drawing on the fatigue properties of the
material in deformed regions must be considered to provide fatigue life analyses for a
wide spectrum of magnesium sheet metal structures.
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